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Manure nitrogen in dairy cattle represents a substantial economic and environmental loss
to the industry. Current strategies used to improve N efficiency (Neff) have shown limited progress
and thus, warrant more effective approaches. Considering that the gastrointestinal bacterial
community has been associated with various phenotypes of economic importance, the objective of
this project was to evaluate the associations between the rumen and fecal bacteriomes and Neff
phenotypes in dairy cows. Results showed similarities in the overall bacterial community
composition and structure of cows differing in Neff. However, the relative abundance of specific
bacterial ASV differed between low and high Neff cows. Furthermore, bacterial ASV strongly
correlated with Neff could be involved in processes such as nutrient supply, performance, and feed
efficiency. These suggest that the gastrointestinal bacterial community is a factor influencing Neff
in dairy cows and specific bacterial members can potentially serve as markers of Neff phenotypes.
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CHAPTER I
LITERATURE REVIEW
1.1

Introduction
Over the last decade, the specialization, industrialization, and intensification of the dairy

industry have redefined dairy farming in the US. As a result, modern dairy farms have grown in
size with increased numbers of cows per herd (Macdonald et al., 2020) and have adopted new
technology and management practices to increase the average milk production per cow (Barkema
et al., 2015). These changes have contributed to the 13% increase in milk production observed
over the last decade (NASS, 2020). Unfortunately, this increase in milk production has been
accompanied by a narrow profit margin (Macdonald et al., 2020), an indicator of profitability that
is mainly driven by the dynamics between price and cost. The profit margin of dairy farms depends
upon the strategies used to reduce the costs while maintaining efficiency (Kristensen et al., 2015),
and producers need to reevaluate the distribution of farm resources to improve profits. As feed
costs represent the largest expense in dairy farms (NASS; 2019), improvement in the conversion
of feed or nutrients into saleable products will directly impact profitability.
Nitrogen (N) is a major constituent of amino acids (AA), building blocks of proteins, and
is essential for milk synthesis. Protein is a major component in dairy diets and represents the
highest cost from feeds in the diet (Krause et al., 2013; Hristov et al., 2018). However, less than
30% of the N intake by the cow is deposited in milk, while the remaining N is excreted in the
manure (Calsamiglia et al., 2010). The current dairy cattle inventory of 9.3 million annually wastes
1

around 1.5 billion kg of N in manure. Based on the price of urea (ERS, 2019), this manure N has
a value of $2 billion. Manure N can potentially exit the farm through gaseous emissions or water
runoff, both of which have negative environmental impacts (Sobota et al., 2015). Thus, manure N
represents a substantial economic loss and significantly contributes to dairy farms’ environmental
footprint (Castillo et al., 2000).
To date, approaches to improve N efficiency have focused on breeding (selection for
efficiency traits) and dietary strategies (reduction of dietary crude protein, synchronization of
degradation rates of dietary protein and energy, supplementation of feed additives); however,
progress has been limited. Therefore, alternative methods to improve N efficiency are needed.
Despite the direct contribution of rumen microbes to the nutrition of the cow, one area that has
been poorly explored is the manipulation of the rumen microbiome to improve nutrient efficiency.
The bacterial community that resides within the gastrointestinal (GI) tract of dairy cows has a role
in protein degradation and microbial protein synthesis in the rumen (Bach et al., 2005), N recycling
in the hindgut (Hoover, 1978), and it is also associated to phenotypes of economic importance
(Xue et al., 2018). Shabat et al. (2016) reported that dairy cows with varying feed efficiency
phenotypes had a different microbial community in terms of diversity and richness, while the
microbiome gene composition allowed the prediction of the cow’s feed efficiency with up to 91%
accuracy. In beef cattle, Paz et al. (2018) reported an association of rumen bacterial operational
taxonomic units (OTUs) with feed efficiency and suggested a potential use of the rumen bacterial
community as a tool to improve feed efficiency and beef productivity. Another study by Myer et
al. (2015) indicated significant shifts in the bacterial community within the colon of steers with
varying feed efficiency. These results indicate a relationship between GI microbiota and feed
efficiency. Yet, the applicability of these results to other phenotypes of interest, such as N
2

efficiency, is still unclear. This review provides an overview of N metabolism and the role of the
major microbial players on N utilization.

1.2

Nitrogen Sources
Dietary protein is the main source of N and is complemented by dietary non-protein N

(NPN), recycled N, and endogenous N (Bach et al., 2005). Dietary protein is classified as rumen
degradable protein (RDP) and rumen undegradable protein (RUP). Rumen degradable protein
sources are digested by the rumen microbes and incorporated into microbial protein before its
absorption by the small intestine (Figure 1.1). Some common examples of RDP sources in dairy
diets include soybean meal, canola meal, and sunflower meal (Laudadio and Tufarelli, 2010; Paz
et al., 2014). In contrast, RUP, also known as by-pass protein, flows into the small intestine without
ruminal microbial modification (Figure 1.1). Blood meal, distillers dried grains, and gluten-free
corn meal are common sources of RUP in dairy diets (Santos et al., 1998). Ruminants can also
utilize NPN sources, such as urea for microbial protein synthesis (Satter and Roffler, 1975).
According to Kertz (2010), NPN in the form of urea should not be more than 1% of the concentrate
or 20% of the total crude protein (CP) in the diet, and roughly 135 g/cow/d as it can become toxic.
Circulating urea in the blood can be recycled into the rumen through saliva or by simple diffusion
through the rumen epithelium. According to Satter et al. (1975), approximately 10 to 15% of the
dietary N can be recycled into the rumen. However, this number is highly dependent upon the N
content in the diets. Lastly, a significant source of N can be of endogenous origin. This N source
is introduced along the GI tract in secretions such as mucus, glycoproteins, pancreatic juice, bile,
or the sloughed epithelial cells from the GI wall (Van Bruchem et al., 1997). Marini et al. (2008)
estimated that the endogenous secretions account for at least 39% of the available N in the rumen.
3

Like other N sources, endogenous N is mostly absorbed in the small intestine. However, unlike
other N compounds, endogenous N is mainly excreted in feces (Van Bruchem et al., 1997).
Altogether these N sources provide N or AA that are required by the cows for their life
maintenance, milk production, and body health.

1.3

Measurements of Nitrogen Efficiency
Dairy cows are inefficient in N utilization, as they can excrete over 70% of their consumed

N through feces and urine (Ryan et al., 2011). This, in turn, makes N excreted in manure one of
the largest nutrient losses in dairy farms. Measures of N efficiency provide information about how
N sources are converted into milk in dairy herds. At the animal level, N efficiency is commonly
calculated as:
N efficiency =

Milk N
×100
Intake N

(1.1)

In general, the average N efficiency in dairy cows ranges from 25 – 30%, but variations
from less than 20% to a theoretical maximum of 45% have been reported (Figure 1.2; Van Vuuren
and Meijs, 1987; Chase, 2007). High values of N efficiency indicate better conversion of dietary
N into milk and lower excretion into the environment.
Other studies have examined the relationship between milk urea N (MUN) and N excretion
in order to facilitate the on-farm evaluation of N efficiency. These studies suggested that MUN
could be used as an indicator of N efficiency in dairy cows (Jonker et al., 1998; Nousiainen et al.,
2004). According to Jonker et al. (1998), the target MUN concentration ranges from 10 – 16 mg/dL
of milk, as MUN concentrations above and below this (normal) range are indicators of N
inefficiency in dairy cows (Roseler et al., 1993). On-farm, N efficiency measures could be used to
4

assess herd management decisions (Table 1.1; de Ondarza and Tricarico, 2017), which can
improve the allocation of farm resources while reducing dairy farms’ environmental footprint.

1.4

Factors Affecting Nitrogen Efficiency
Differences in N efficiency between herds and even between cows are multifactorial, and

both nutritional and non-nutritional factors can significantly affect N efficiency. These factors
mainly involve management practices, animal genetics, and nutrition.
1.4.1
1.4.1.1

Non-nutritional factors
Animal genetics
Nitrogen efficiency in dairy cows can be affected by elements intrinsic to the animal, such

as genetics. Previous studies have observed that MUN (indicator of N inefficiency) is a moderately
heritable trait that could be used to improve N efficiency in breeding programs (Wood et al., 2003).
However, it is still unknown whether the selective breeding for MUN can hinder the current
breeding objectives (Beatson et al., 2019). Furthermore, Johnson and Young (2003) observed that
Jersey cows presented significantly lower MUN concentrations than Holstein cows. Although the
eliciting factors were unclear, the authors theorized that the differences in breed, lactational
performance, or management practices between herds might explain the results. Similarly, a study
conducted by Kristensen et al. (2015) observed differences in N efficiency between breeds and
associated these results with the productive distinctions between Holstein and Jersey cows.

5

1.4.1.2

Management practices
Other authors suggest that management practices resulting in increased milk production

can improve N efficiency (Jonker et al., 2002). Bauman (1992) estimated that the use of bovine
somatotropin (bST) in dairy cows could reduce the annual volume of N excretion in urine due to
its considerable effect on milk production and N efficiency. Moreover, De Ondarza and Tricarico
(2017) observed improved N efficiencies when animals of similar requirements are group-fed. All
these together demonstrated the importance of good management practices in the animals’
performance and N efficiency.
1.4.2
1.4.2.1

Nutritional factors
Dietary protein supply
From the nutritional perspective, N is one of the main constituents of proteins and AA

playing an important role in growth, maintenance, reproduction, and milk production in dairy
cows. Due to its relationship with N partitioning, the dietary protein content has become one of
the most studied factors affecting N efficiency. Castillo et al. (2000) reported positive linear
correlations between N intake and N excretion in urine, feces, and milk of animals eating up to
400 g of N/day. However, at greater N intakes, N deposition shifts from feces and milk towards
urine. This is especially detrimental to the environment, as N in urine becomes rapidly available
for leaching and volatilization (Pacheco and Waghorn, 2008).
In terms of lactational performance, high protein diets have been observed to increase milk
yield (Broderick, 2003; Huhtanen and Shingfield, 2005); however, this effect is not consistent
across the literature (Leonardi et al., 2003; Olmos Colmenero and Broderick, 2006). Other studies
suggested that increasing dietary protein can affect milk protein yield. Yet, no improvement is
observed in milk protein content as this response is limited by the animal’s genetic ability
6

(Schingoethe, 1996). Thus, increasing protein in the diet results in decreased N efficiency and
increased N excretion to the environment without no significant effects on production parameters
(Cressman et al., 1980; Powell and Rotz, 2015). On the other hand, limiting N concentrations in
dairy diets can hinder the cow’s performance by restricting milk production (Schingoethe, 1996).
This has led some authors to go as far as to say that underfeeding proteins is even more expensive
than overfeeding (Phuong et al., 2013). Therefore, an adequate supply of N in the diet is essential
for N efficiency in dairy cows.
1.4.2.2

The energy level of the diet
Nitrogen efficiency can also be affected by the dietary energy level. In ruminants, energy

availability determines N uptake by the GI microbiota (Bach et al., 2005; Guliński et al., 2016).
According to Pacheco and Waghorn (2008), increasing energy availability could improve the N
capture by the GI microbiota and, in turn, reduce N excretion. However, Sairanen et al. (2005)
indicated that N capture was not improved in dairy cows fed with three different levels of
supplemental concentrate. In fact, overfeeding energy to dairy cows can depress ruminal pH, and
consequently, microbial growth (Russell and Dombrowski, 1980). This, in turn, can increase N
excretion in feces (Munyaneza et al., 2017). Furthermore, high concentrate diets can affect the
health of the mammary gland and milk quality (Xie et al., 2017). In contrast, limiting energy in
the diet can decrease microbial protein synthesis. Thus, ammonia produced in the GI tract will be
diffused into the blood and transported to the liver. Due to its toxicity, the liver transforms
ammonia into urea, which is ultimately excreted in the urine (Harfoot, 1981; Matthews et al.,
2019).
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1.4.2.3

Synchronization of dietary energy and protein
Other studies have shown that N efficiency can be potentially improved with the

synchronization of dietary energy and protein (Cole and Todd, 2008) which refers to the delivery
of these nutrients in a way that is both simultaneously available and proportionally adequate to the
rumen microbes (Hall and Huntington, 2008). Nevertheless, the inconsistencies of available data
and existence of several confounding factors, such as the ingredients, and nutrient content in the
diets, compromise the reliability of the studies regarding nutrient synchrony (Bach et al., 2005;
Cole and Todd, 2008; Yang et al., 2010). For instance, Rotger et al. (2006) tested synchronous and
asynchronous diets with different fermentation rates and observed positive results in fermentation
parameters for both rapid and slow fermentation diets when using continuous fermenters; however,
no significant differences were observed in vivo. In another study, Kolver et al. (1998) observed
changes in ruminal NH3-N concentrations and suggested that N capture was improved when
synchronizing total non-structural carbohydrates and N degradation. However, Kaswari et al.
(2007) did not observe significant differences in microbial protein synthesis of animals receiving
synchronous diets. Hence, the benefits of dietary energy and protein synchronization in N
efficiency are still unclear.
1.4.2.4

Ionophores
In ruminant diets, ionophores are additives which function as antimicrobials and can

improve feed efficiency and weight gain. However, ionophores can also improve N metabolism
(Bergen and Bates, 1984). Common examples of ionophores are monensin and lasalocid
(McGuffey et al., 2001). According to Bergen and Bates (1984), the presence of ionophores can
reduce NH3-N production in the rumen due to a decrease proteolysis which can ultimately increase
the amount of undegraded protein reaching the small intestine. In fact, previous studies indicate
8

that hyper-ammonia producing bacteria are sensitive to monensin (Chen and Russell, 1989).
Together these results indicate the general role of ionophores on N metabolism and in the
regulation of ammonia producing bacteria. The inclusion of ionophores in the diets is yet another
one of the multiple approaches that have been undertaken to improve N efficiency and reduce N
losses to the environment. Yet, the problem of N inefficiency in dairy cows persists, suggesting
that alternative methods to improve N efficiency should be explored.

1.5

Host-microbiome Interactions and Traits of Economic Importance
Ruminant’s success is defined by their ability to utilize complex substrates of plant

biomass, despite their inability to secrete the enzymes required to break down cellulose and other
constituents of the plant’s cell wall (Dehority, 2002). This success is due to their unique digestive
system, which provides the best conditions to support a diverse microbial community(Bainbridge
et al., 2016). In return, the microbial community offers the nutrients necessary to support their host
through the fermentation of feeds (Owens and Basalan, 2016). Cow’s rumen and hindgut possess
the largest microbial communities and can be considered as the primary fermentation chambers
across the GI tract.
1.5.1

Rumen microbiota
In ruminants, pre-gastric fermentation occurs within the foregut, which includes four

functionally different compartments: rumen, reticulum, omasum, and abomasum. However, it is
in the rumen where most fermentative processes take place (Castillo-González et al., 2014).
Fermentation in the rumen is carried out by a diverse community of microorganisms known as
rumen microbiota. This microbial community encompasses members of all three domains of life,
9

bacteria, archaea, and eukarya (protozoa, fungi) and also phages (Morgavi et al., 2013). Bacterial,
protozoal, and fungal populations are estimated at approximately 1011, 107, and 105 cells per mL
of ruminal content, respectively (Krehbiel, 2014).
As aforementioned, ruminal fermentation of feeds under normal conditions requires the
cooperation of different microbial fractions to harvest the substrates required to support the host
(Cammack et al., 2018). Specifically, microbial fermentation in the rumen provides the animal
with volatile fatty acids (VFA) and microbial protein, which can supply up to 70% of the animal’s
energy requirements and up to 80% of total absorbable protein (Storm and Ørskov, 1983;
Bergman, 1990). Furthermore, rumen microbes can modify low-quality feed protein into highquality proteins through microbial protein synthesis (Dewhurst et al., 2000). Overall, these uphold
the rumen microbial community’s importance in nutrient supply.
Other than feed fermentation, recent studies have revealed more functions of the rumen
bacterial community. For example, Jami et al. (2014) evaluated the relationship between the
bacterial community composition and productive responses in Holstein cows. This study reported
a significant correlation between the ruminal ratio of Firmicutes to Bacteroidetes and higher milk
fat yield. Moreover, differences in bacterial richness and abundance have also been observed in
Holstein cows with different milk protein yields (Xue et al., 2019). These studies suggest a
relationship between the structure of the rumen bacterial community and milk composition
responses in dairy cows.
Other authors have studied the relationship between the composition of the rumen bacterial
community and feed efficiency. Using beef cattle, Guan et al. (2008) evaluated bacterial profiles
using polymerase Chain Reaction denaturing gradient gel electrophoresis (PCR-DGGE)

fingerprinting and observed that samples of low and high efficient steers clustered separately,
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and suggested that members of the bacterial community may be specific to efficient animals.
Furthermore, Paz et al. (2018) built linear regression models and identified important bacterial
groups associated with feed efficiency traits, which explained roughly 20% of the variation. In
dairy cows, Delgado et al. (2019) observed differences in the rumen microbiota of animals with
different feed efficiencies at taxonomical and gene levels. In this study, high N efficiency was
associated with microbial genes involved in the digestion of carbohydrates, synthesis of fatty acids,
energy-yielding mechanisms, and methane (Delgado et al., 2019). Overall, these results revealed
the potential links between the rumen bacterial community and traits of economic importance.
1.5.2

Hindgut microbiota
The hindgut is the other major site of microbial fermentation in bovines, and second after

the rumen in terms of microbial diversity. Despite the functional similarities, the rumen and
hindgut bacterial community composition are different. In a previous study, Mao et al. (2015) used
a principal coordinate analysis (PCoA) to illustrate the bacterial community across the GI tract,
and showed that the foregut and hindgut bacterial communities clustered separately, depicting a
significant site effect (Mao et al., 2015). However, the functional differences associated to
microbial fermentation in the hindgut has received less attention.
The main products of microbial fermentation in the hindgut include VFA’s, ammonia, and
microbial protein. According to Hoover (1978), 17% of the total VFA absorbed by a cow are
fermented in the hindgut. Furthermore, ammonia produced in the hindgut can account for up to
39% of the recycled N (Hoover, 1978). However, microbial protein cannot be digested or absorbed
in the hindgut; therefore, it ends up been excreted in the feces (Alemneh, 2019). Therefore, VFA
synthesis and N recycling yield the main contributions of hindgut microbial fermentation in dairy
cows.
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Similar to the rumen, the composition of the hindgut microbial community has been
associated to host phenotypes. Specifically, Freetly et al. (2020) characterized the GI microbiota
of finishing beef cattle with different average daily gains (ADG) but similar feed intake. In this
study, the cecum had the largest number of bacteria associated with ADG, and roughly 81% of
these bacteria were linked to higher gains. Other studies also reported significant taxonomical
shifts in the colon microbial community of steers differing in feed efficiency (Myer et al., 2015).
However, the role of the hindgut microbial community on N efficiency phenotypes is still
unknown.
Altogether, these studies showed that the composition of both the rumen and hindgut
microbial communities are of greater relevance than previously thought. Specifically, significant
relationships between the microbiota and traits of economic relevance such as feed efficiency and
milk yield and composition have been observed. Thus, it is of interest to evaluate if the microbiome
at these GI sites plays a role in N efficiency responses in dairy cows.

1.6

Gastrointestinal Microbiota and Nitrogen Efficiency
In general, digestion of N sources starts in the rumen, when the enzymes secreted by the

rumen microbes hydrolyze peptide bonds, degrade peptides, and deaminate the AA (Figure 1.1).
Initial proteolytic activity on N sources in the rumen is mainly associated with bacterial cells and,
to a lesser extent, ciliate protozoa (Nugent and Mangan, 1981). According to Brock et al. (1982),
proteinase activity from bacteria is at least ten times greater than protozoa. Therefore, a large
population of the latter can decrease protein degradation, due to their role as bacterial predators
(Belanche et al., 2012). Furthermore, rumen protozoa utilize nutrients available to the host such as
VFA and bacterial protein which ultimately affect microbial growth and N efficiency (Ffoulkes
12

and Leng, 1988). Taken together, these results indicate the relevance of the rumen bacterial
community on microbial protein synthesis and N efficiency.
In the rumen, Bacteroidetes, Firmicutes, and Proteobacteria represent the major bacterial
phyla (Plaizier et al., 2017; Paz et al., 2018). These bacterial phyla are associated with the digestion
of complex substrates of plant biomass, as well as the breakdown of other nutrients such as fat and
proteins. However, species that utilize proteins as only sources of carbon and energy are almost
negligible (Krause et al., 2013). Thus, major proteolytic bacterial species such as Ruminobacter
amylophilus, Prevotella ruminicola, Butyrivibrio fibrisolvens, and Streptococcus bovis, also
possess amylolytic properties (Cotta and Hespell, 1986; Sales-Duval et al., 2002; Choudhury et
al., 2015).
Previous studies indicated that R. amylophilus is an obligate anaerobe that relies on
maltose, dextrin, or starch as its only energy sources (Anderson, 1995). Even though R.
amylophilus is a proteolytic species, it does not utilize peptides. However, to utilize starch, R.
amylophilus most digest the peptide layer where it is trapped (Russell and Dombrowski, 1980).
This explains the value of R. amylophilus as a proteolytic species (Cotta and Hespell, 1986). The
main products of R. amylophilus fermentation include acetate and succinate.
Prevotella ruminicola is one of the most researched bacterial species in the ruminant’s GI
tract (Stevenson and Weimer, 2007). Previous studies observed that P. ruminicola can represent
up to 60% of the total eubacteria in the rumen, depending on the diet. These bacterial species take
part in protein and peptides metabolism (Wallace et al., 1997). According to Baldwin and Allison
(1983), P. ruminicola actively hydrolyses proteins but cannot utilize free AA. Instead, P.
ruminicola absorbs the peptides released during proteolysis for intracellular degradation.
According to Wen and Morrison (1997), P. ruminicola can also utilize ammonia as a N source
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when peptides are not available. In this regard, an increase in ammonia uptake by the GI microbes
can improve N efficiency in dairy cows. In fact, Ferme et al. (2004) reported that the inhibition of
high ammonia producer bacteria such as Prevotella ruminantium and Prevotella bryantii could
decrease ammonia production in dual-flow continuous-culture fermenters.
According to Russel (2002), Butyrivibrio fibrisolvens is a very dynamic species. It can
utilize a wide variety of substrates such as pentoses, hexoses, pectin, starch, xylanases, and even
hemicellulose as energy sources. Furthermore, Cotta and Hespell (1986) reported that this species
could be found across different sites of the GI tract. In terms of functionality, previous studies had
exposed a few strains of B. fibrisolvens with cellulolytic properties. The general role of B.
fibrisolvens is fermentation of soluble sugars and hydrolyzed sugar polymers (Baldwin and
Allison, 1983). Yet, it seems to be sensible to N shortages (Belanche et al., 2012).
Streptococcus bovis expresses high proteolytic activity with various protein sources but
also produces extracellular proteases (Wallace and Brammall, 1985; Hartinger et al., 2018). It is
considered as one of the most important proteolytic bacterial species in the liquid fraction of the
rumen. Yet, depending on the diet, S. bovis can account from 0 – 1.6% of the ruminal bacterial
DNA (Hartinger et al., 2018). However, unlike other bacterial species, S. bovis has low sensitivity
to N shortages. This indicates that even when underfeeding N sources, the concentration of S. bovis
will remain stable. In general, the aforementioned bacterial species are involved in metabolic
processes including protein hydrolysis, peptide metabolism, AA deamination (Castillo-González
et al., 2014), and fiber and starch fermentation (Ishler et al., 1996). However, even though the role
of these bacterial species in N metabolism has been widely studied, their relationship with N
efficiency is still unclear.
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More recently, Wang et al. (2019) studied the association of the bacterial community with
N efficiency across the GI tract of goats. In their study, researchers observed significant differences
at the genera and species level in goats with different N efficiencies. In terms of relative abundance,
Fibrobacter succinogenes, B. fibrisolvens, Ruminococcus_sp._HUN007, P. ruminicola, and S.
bovis were significantly higher in the animals with high N utilization efficiency. Interestingly,
most of the bacterial species associated with high N utilization efficiency are major bacterial
players in protein and carbohydrate degradation. However, this study also highlighted the presence
of F. succinogenes in high-efficiency animals. According to Kobayashi et al. (2008), this bacteria
is one of the main cellulolytic species (Matthews et al., 2019). In fact, the primary end products of
fiber fermentation by F. succinogenes are acetate, butyrate, propionate, and CO2 (Koike and
Kobayashi, 2009). Due to its prominent role in energy availability, it could be hypothesized that a
high relative abundance of this bacterial species could increase energy availability and
consequently improve ammonia uptake in the rumen. Furthermore, according to Delgado et al.
(2019), bacterial species from the Ruminococcus genus are also involved in energy-yielding
mechanisms. Hence the high relative abundance of Ruminococcus_sp._HUN007 can fit the same
hypothesis as F. succinogenes.
In the hindgut, Wang et al. (2019) established significant positive correlations between the
archaea methanogens (Euryarchaeota, Methanomicrobiales, and Methanocorpusculum) and N
efficiency. Wang et al. (2019) theorized that these archaea genus could be involved in the
breakdown of undigested fiber in the colon, which rendered higher proportions of ammonia N
recovery and decreased N excretion. Based upon these results, these authors concluded that the
bacterial community could influence N efficiency in goats. Unfortunately, there is limited
information regarding the relationship between these microorganisms and N efficiency in dairy
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cattle. From this background, it appears that the role of the microbial community on N efficiency
in the hindgut is still unknown.

1.7

Conclusion
Over the last decade, significant economic and environmental challenges have struck the

dairy industry, forcing dairy producers to become more efficient in milk production. Despite the
efforts to improve feed efficiency, nitrogen excretion is still one of the most considerable nutrient
losses in the manure from dairy farms. In this regard, the bacterial community living within the GI
tract of dairy cows possesses great potential to be used as a tool to tackle this problem, as it has
been associated with productive traits.
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Table 1.1

Description of the different milk urea N (MUN) levels.

MUN (mg/dL)
Description
< 10
Insufficient supply of dietary protein
10 – 16
Normal
> 16
Dietary protein imbalance. N inefficiency
1
Adapted from Jonker et al. (1998), Roseler et al. (1993) and Munyaneza et al. (2017).
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Figure 1.1

Summary of N metabolism in ruminants

Digestion, absorption, metabolism, and excretion of the different dietary N sources across dairy
cattle’s gastrointestinal tract. Adapted from Wattiaux (2017). Black arrows depict processes
occurring within the organs (rumen, intestines, liver, kidney, mammary gland, and muscles). Red
arrows depict nutrient mobilization through general circulation across organs. Green arrows
indicate input. Pathways involved in N recycling are illustrated using “ ”. Abbreviations: RUP
(rumen undegradable protein); RDP (rumen degradable protein); NPN (non-protein N); AA
(amino acids).
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Figure 1.2
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Levels of N efficiency in dairy cows

Interpretation of N efficiency (%) values for dairy cows. Adapted from Chase (2007).
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CHAPTER II
RUMEN AND FECAL BACTERIOMES IN HOLSTEIN COWS WITH VARYING
NITROGEN EFFICIENCY

2.1

Introduction
In dairy farms, nitrogen (N) losses to the environment are the result of a cow’s inefficiency

to utilize N for productive purposes. Dairy cows can excrete as much as 70% of their consumed N
through urine and feces (Ryan et al., 2011). This is especially detrimental to the environment as N
becomes available for leaching and volatilization (Pacheco and Waghorn, 2008). In 2019, dairy
cows in the U.S. (9.3 million head) excreted approximately 1.5 billion kg of N in the manure
representing an economic loss of $2 billion (based on the current price of urea; ERS, 2019). Thus,
N inefficiency in dairy cows represents substantial economic and environmental burden.
Individual differences in Neff are known to be multifactorial and to date, most of the
research done to improve Neff has focused on the areas of genetics and nutrition (Imran et al.,
2017). One important aspect that has not been fully evaluated is the association between the
gastrointestinal microbiota and Neff. These microbial communities have been widely known for
their fundamental role in nutrient supply to the ruminant host (Owens and Basalan, 2016). In terms
of N metabolism, this includes protein degradation and microbial protein synthesis in the rumen
and N recycling in the hindgut. Furthermore, recent studies have associated both rumen and
hindgut bacterial communities to various phenotypes of economic relevance related to feed
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efficiency and milk yield (Myer et al., 2015; Kruger Shabat et al., 2016; Tong et al., 2018).
Therefore, the objective of this study was to assess the relationship between the rumen and fecal
bacterial communities and Neff phenotype in Holstein cows. We hypothesized that both the rumen
and fecal bacteriomes will differentiate based on N efficiency phenotypes in dairy cows.

2.2
2.2.1

Materials and Methods
Animals, housing, and management
All experimental procedures involving animals were performed under the approval of the

Mississippi State University Institutional Animal Care and Use Committee (IACUC #19-581). A
28-d trial was conducted with 23 mid-lactation (164 ± 37.7 DIM; mean ± SD) Holstein cows with
633.5 ± 49.8 kg of body weight, 2.90 ± 0.40 of body condition score, and producing 37.7 ± 6.5
kg/d of milk. The first 14-d served as an adaptation period to the Calan Broadbent Feeding System
(American Calan Inc., Northwood, NH, USA) for individual intake records. The diet was
formulated to meet or exceed the requirements of a lactating cow (NRC, 2001) and was comprised
of 50% forage and 50% concentrate (dry matter (DM) basis; Table 2.1). At the end of the
adaptation period, cows were able to access their assigned feed bin without assistance and
maintained stable intake and milk production patterns (Figure 2.1). The next 14-d following the
adaptation period served as the collection period of samples.
All cows were housed in a free-stall barn within the same pen with a stocking density of
96% and under the same management protocol during the study. Cows were provided 2×/d (0600
and 1800 h) fresh total mixed ration (TMR) for ad libitum consumption and had free access to
water troughs. The amount of TMR offered to each cow was adjusted daily to maintain
approximately 10% refusals (as is basis) based on individual refusals from the previous day. Intake
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was calculated as the difference between the amount of feed offered and refused. The cows were
milked 2×/d (0300 and 1500 h) in a double 8 parallel milking parlor at which the animals were
moved as a group. No health complications were observed, and all cows completed the study.
Following the completion of the study, cows were returned to the standard farm management
protocols.
2.2.2
2.2.2.1

Nitrogen balance
Feed and milk composition
TMR and refusals were sampled on d 21, 22, 27 and 28 and stored at -20 °C. Composited

samples of TMR and orts were sent to Cumberland Valley Analytical Services (Waynesboro, PA)
for DM, crude protein (CP) (AOAC International, 2000; method 990.03), neutral detergent fiber
(NDF) (Van Soest et al., 1991), and acid detergent fiber (ADF) (AOAC International, 2000)
analyses. Individual milk yield was recorded daily throughout the experiment (Westfalia Surge
Metatron 12 Milk Meter; GEA Farm Technologies, Oelde, Germany). From d 24 to 26, milk
samples were collected from each milking using Waikato milk meters (Waikato Milking Systems,
Horotiu, New Zealand) and stored at room temperature in plastic vials with a tablet preservative
containing 8 mg bronopol and 0.30 mg natamycin (Broad Spectrum Microtabs II; Advanced
Instruments, Norwood, MA) before shipping to Mid-South Dairy Records (Springfield, MO) for
true protein and fat content, and somatic cell count (SCC) analyses by Fourier-transform infrared
spectroscopy (Bentley FTS/FCM; Bentley Instruments, Chaska, MN, USA). Calculations for N
intake and milk N were as follows:
N intake= {[intake × ( diet CP⁄6.25 )] − [refusals × ( refusals CP⁄6.25 )]} × 1000
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(1.2)

Where N intake = g/d, intake and refusals = kg/d, and diet and refusals CP = proportion of crude
protein in the sample.
Milk N= [milk yield × (milk true protein⁄6.38)] × 1000

(1.3)

Where Milk N = g/d, milk yield = kg/d, and milk true protein = proportion of true protein in the
sample.
2.2.2.2

Fecal and urinary N
To account for diurnal variation, fecal and urine samples from each cow were

concomitantly collected on d 26 at 0000, 0900, and 1800 h, on d 27 at 0300, 1200, and 2100 h,
and on d 28 at 0600, 1500 h (n = 8). This scheme allowed to have samples representing 3-h
intervals in a 24-h period. Fecal samples (~200 g) were collected via fecal grab and stored in inert
polyethylene cups at -20 °C. Spot urine samples (~450 mL) were collected via vulva stimulation
and immediately after each collection, an aliquot of 40 mL was acidified to pH < 3 with 3 mL of
10% sulfuric acid (H2SO4) and stored at -20 °C. An additional 40 mL aliquot of urine without acid
was stored at -80 °C.
Fecal samples were thawed and composited by cow and then samples were air dried at 60
°C for 48 h and subsequently ground through a 2 mm screen using a Wiley mill (Arthur H.
Thompson Co., Philadelphia, PA). Ground fecal samples were analyzed for DM, N (AOAC
International, 2000) using a Kjeltec Auto Sampler System 1035 Analyzer (Tecator Inc., Höganäs,
Sweden), and NDF (AOAC International, 2000) and ADF (AOAC International, 2000) using an
Ankom 200 Fiber Analyzer (Ankom Technology, Macedon, NY, USA). Acidified urine samples
were thawed, composited by cow, and shipped to Cumberland Valley Analytical Services
(Waynesboro, PA) for N analysis (AOAC International, 2000). Non-acidified urine samples were
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thawed, composited by cow, and analyzed for creatinine concentration using the creatinine
colorimetric assay (Cayman Chemical Co., Ann Arbor, MI, USA) according to the manufacturer’s
protocol. Urinary creatinine was used as a marker to estimate urine volume as:
29× BW (kg)⁄creatinine (mg/L) (Tebbe and Weiss, 2018). Urinary N losses were then calculated
as the product of urine volume and urine N concentration (acid adjusted).
Apparent nutrient digestibility was estimated using the nylon bag techniques with
indigestible acid detergent fiber (iADF) as the internal marker (Huhtanen et al., 1994). Samples of
ground TMR and feces (from each cow) were weighed in triplicates into 5 × 10 cm in situ bags
with 50 ± 10 μm pores (R510; Ankom Technology, Macedon, NY, USA) and incubated in the
rumen of two cannulated cows for 12 d. The canulated cows were under the same experimental
diet. After incubation, the in situ bags were immediately placed on ice and then gently rinsed with
running tap water to remove attached particles and stop microbial activity. Digested samples were
later dried at 60 °C for 48 h and residues were analyzed for indigestible NDF and indigestible ADF
following the procedures specified for the fecal grab samples. Apparent nutrient digestibility (%)
was calculated as follows:
100 - [100 × (

% of marker in diet
% of nutrient in feces
)×(
)]
% of marker in feces
% of nutrient in diet

(1.4)

Fecal N was then calculated as the difference between N intake and digestible N.
For each cow, N efficiency (Neff) was calculated as (Nadeau et al., 2007):
Nitrogen efficiency (%) =

Milk N (g/d)
×100
N intake (g/d)
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(1.5)

Cows were ranked by Neff and cows 0.5 standard deviation (SD) below and above the
mean were classified as low (< Neff mean + 0.5 × SD) and high (> Neff mean + 0.5 × SD) Neff,
respectively (Nkrumah et al., 2006; Wang et al., 2019).
2.2.3

Rumen and fecal bacterial community composition
On d 27, rumen samples were collected before the morning feeding at 0500 h using a

gastroesophageal apparatus that consisted of a reinforced vinyl tube coupled on one end to a metal
strainer and on the other end to a 500 mL sterile collection flask that was also connected to a
vacuum pump (model 1HAB25BM100X; Gast, Benton Harbor, MI, USA). Rumen sampling and
preparation of rumen samples for bacterial community profiling were done as described by Paz et
al. (Paz et al., 2016). Immediately after sampling, rumen pH was measured using a portable pH
meter (handheld pH meter, Oakton, Vernon Hills, IL) by direct insertion. For volatile fatty acids
(VFA) and ammonia (NH3) analyses, two aliquots of rumen fluid (45 mL each) were filtered
through 4 layers of cheesecloth and stored at -20 °C until analysis. Following rumen sampling for
each cow, approximately 200 g of feces were collected via fecal grab for bacterial community
profiling. Fecal samples were placed in sterile plastic containers and stored at -80 °C until further
analysis.
2.2.4

Ruminal fermentation
Before analysis, samples for NH3 and VFA were thawed. For NH3 concentration, a portable

meter (Orion meter model 290; Thermo Scientific Inc., Waltham, MA, USA) coupled to an NH3
ion selective electrode (Orion 9512 ammonia sensing electrode; Thermo Scientific Inc., Waltham,
MA, USA) was used. For VFA analysis, 1 mL of filtered rumen fluid was mixed 0.2 mL of an
internal standard (2-mg/mL 2-ethyl butyric acid in 25% meta-phosphoric acid (w/v)).
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Subsequently, samples were centrifuged at 18,000 × g for 20 min, and the resulting supernatant
was analyzed using a 7890A gas chromatography system equipped with a DB-FATWAX Ultra
Inert column (30 m × 0.25 mm, 0.25 µm), a 5975C inert XL MSD with triple-axis mass detector,
and a 7693 series autosampler (Agilent Technologies, Santa Clara, CA, USA). Ionization was
performed in an electron impact mode at 70 eV and a selected ion monitoring (SIM) mode was
used to acquire ion abundance. Volatile fatty acids were quantified by an internal standard
calibration with authentic volatile fatty acid standards.
2.2.5

Plasma AA
To evaluate plasma AA profiles between Neff groups, blood samples were collected on d

27 at 1800 h via venipuncture of the coccygeal artery. Samples were collected into evacuated tubes
containing K2EDTA (BD Vacutainer; Becton Dickinson and Co., Franklin Lakes, NJ, USA).
Immediately after collection, samples were placed on ice and plasma was separated as described
by Paz and Kononoff (Paz and Kononoff, 2014). Plasma samples were stored at -20 °C and later
shipped to the Agricultural Experimental Station Chemical Laboratories (Columbia, MO, USA)
for free AA analysis (Fekkes, 1996; Le Boucher et al., 1997) using a Hitachi L-8900 AA analyzer
(Hitachi Ltd., Tokyo, Japan).
2.2.6

DNA extraction, library preparation, and sequencing
Genomic DNA was extracted from rumen and fecal samples as described by De La

Guardia-Hidrogo and Paz (De La Guardia-Hidrogo and Paz, 2021). Amplified DNA integrity was
checked through gel electrophoresis (1% agarose gel) and concentration and purity (260-to-280
nm ratio) were determined using the NanoDrop One Spectrophotometer (Thermo Fisher Scientific,
Wilmington, DE, USA). Bacterial amplicon libraries of the V4 region from the 16S rRNA gene
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were prepared as described by Kozich et al. (2013). Briefly, each 20 μL PCR amplification reaction
contained 0.5 μL Terra PCR Direct Polymerase Mix (0.625 Units; Takara Bio, Mountain View,
CA, USA), 7.5 μL nuclease-free, sterile water, 10 μL 2× Terra PCR Direct Buffer (Takara Bio,
Mountain View, CA, USA), 1 μL indexed primers (10 μM), and 1 μL DNA (25 to 70 ng DNA).
The cycling conditions included an initial denaturation of 98 °C for 3 min, followed by 25 cycles
of 98 °C for 30 s, 55 °C for 30 s, and 68 °C for 45 s, and a final extension of 68 °C for 4 min. The
resulting amplicons were normalized (1–2 ng/μl) using the SequalPrepTM Normalization Plate Kit
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s protocol. Normalized amplicons
were pooled (10 μL/sample) and libraries were purified using the MinElute PCR Purification Kit
(Qiagen Inc., Valencia, CA, USA) according to the manufacturer’s intructions. Finally, libraries
were sequenced using the Illumina MiSeq platform (Illumina, San Diego, CA, USA) at the Institute
for Genomics, Biocomputing, and Biotechnology (Mississippi State, MS, USA).
2.2.7

Bioinformatic analysis
Demultiplexed sequences were analyzed using QIIME 2 v 2020.8.0 (Bolyen et al., 2019).

Sequences were quality filtered based on quality scores using the q2-quality-filter plugin (Bokulich
et al., 2013), and denoised using the Deblur workflow (Amir et al., 2017). Subsequently, qualityfiltered sequences were clustered into amplicon sequence variants (ASV) and taxonomy was
assigned using the Naives Bayes classifier (Bokulich et al., 2018) and the SILVA database (Yarza
et al., 2014). The taxonomic structures of the bacterial communities were visualized with heat trees
using the "metacoder" package (Foster et al., 2017). Rarefaction curves and the Good’s coverage
index (Good, 1953) were used to evaluate the adequacy of the sampling depth, which was
established at 5,834 reads per sample. Diversity analyses were performed via the q2-diversity
plugin with α-diversity determined using observed ASV, Pielou’s evenness, and Shannon-Weiner
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index (Shannon and Weaver, 1964) and β-diversity calculated using weighted UniFrac distances
(Lozupone et al., 2007). Visualizations of the weighted UniFrac distances were done using the
principal coordinate analysis (PCoA) plot.
2.2.8

Statistical analysis
The statistical analyses were conducted using R software (v3.6.1) (R Core Team, 2017).

Prior to analysis, normality was confirmed using the Shapiro-Wilk test (P ≥ 0.13) for dry matter
intake (DMI), milk yield, plasma AA, N balance, and Neff variables. A student t-test was used to
compare the aforementioned variables between the low and high Neff groups. The Perason’s
correlation analysis was used to test the association between plasma AA concentrations and Neff.
Alpha-diversity indices were compared using the non-parametric Kruskal-Wallis test and βdiversity was analyzed with a permutational multivariate ANOVA (PERMANOVA) using the
adonis function of the "vegan" package (Oksanen et al., 2016). Differentially abundant ASV within
the rumen and fecal bacteriomes between Neff phenotypes were identified using the linear
discriminant analysis effect size (LEfSe) (Segata et al., 2011a) implemented in the Galaxy server
v1.0 (https://huttenhower.sph.harvard.edu/galaxy/) with default settings. Differentially abundant
ASV within the rumen and feces were correlated to Neff using the Spearman correlation analysis.
Correlation coefficients between 0.20 and 0.49, between 0.50 and 0.70, and greater than 0.70 were
defined as weak, strong, and very strong correlations, respectively (Kozak, 2009). Statistical
significance was declared at P ≤ 0.05.
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2.3
2.3.1

Results
Nitrogen efficiency phenotype
Based on the Neff phenotype selection criteria, 6 cows were grouped as low Neff and 5 cows

were grouped as high Neff (Table 2.2). In these cows, Neff ranged from 20.7 to 34.1% and Neff
significantly differed (P < 0.01; Table 2.3) between the low and high phenotypes averaging 22.8
and 30.3%.
2.3.2

Nitrogen balance responses
Production and N partitioning responses between low and high Neff cows are shown in Table

2.3. The DMI was similar (P = 0.27) between the low and high Neff cows and averaged 26.7 kg/d,
but high Neff cows produced 6.6. kg/d more (P < 0.01) milk than low Neff cows. The milk
composition did not differ (P ≥ 0.06) between Neff groups and averaged 3.00 and 3.84% for
protein and fat; respectively, and 58.1 cells/mL for SCC. In line with DMI and milk yield
responses, N intake was similar between Neff groups, but milk N determined from true protein
was greater (P = 0.03) in high Neff compared to low Neff cows (199 vs 162 g/d, respectively).
Partitioning of N in urine and feces was similar (P ≥ 0.20) between Neff groups and consequently
total manure N did not differ (P = 0.29). However, when manure N was expressed per kg of milk
produced, low Neff cows wasted more (P < 0.01) N in manure compared to high Neff cows (14.3
vs 11.0 g of N/kg of milk, respectively).
2.3.3

Ruminal fermentation variables
Ruminal fermentation variables are summarized in Table 2.4. The rumen environments

were comparable between the low and high Neff cows. No differences were observed in pH (P =
0.63), NH3 concentration (P = 0.37), and total VFA concentration (P = 0.88). In addition, the molar
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proportions of acetic (P = 0.34), propionic (P = 0.35), butyric (P = 0.99), and valeric acid (P =
0.33) were similar between Neff groups.
2.3.4

Plasma free AA
Plasma concentration of individual essential AA (EAA; Arg, His, Ile, Leu, Lys, Met, Phe,

Thr, Trp, Val) did not differ (P ≥ 0.36) between Neff groups (Table 2.5). Likewise, plasma
concentration of total EAA (TEAA) did not differ (P = 0.36) and averaged 142 µg/mL. Nonessential AA (NEAA; Ala, Asp, Cys, Gln, Gly, Pro, Ser, Tyr) presented similar plasma
concentrations (P ≥ 0.33). To further evaluate relationships between plasma concentration of AA
and Neff, Pearson’s correlations were determined. A strong negative correlation was determined
for Trp, while a strong positive correlation was determined for Gln (Figure 2.2) and Neff. For the
remaining AA, correlations were not significant (P ≥ 0.10; Table 2.6).
2.3.5

Sequencing information
In this experiment, sequenced samples were rarefied to 5,834 reads, from which 2,250

bacterial ASV were identified. The adequacy of the sampling depth was assessed using rarefaction
curves and the Good’s coverage index. Rarefaction curves plateau indicate that increasing the
sampling depth would have a negligible increase in the number of observed ASV (Figure 2.3).
Based on the Good’s coverage index, the sequencing depth of this study enabled the
characterization of at least 97% of the bacterial community (Table 2.7). These analyses suggest
that the sampling depth used in this study could satisfactorily describe the rumen and fecal bacterial
community of high and low Neff cows.
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2.3.6

Sample type
A PCoA was used to visualize the phylogenetic distances of the rumen and fecal bacterial

communities. In this plot the rumen and fecal bacterial community of clustered separately (Figure
2.4), depicting a significant type effect (P ≤ 0.01). In the rumen, Bacteroidetes (41.4%),
Proteobacteria (20.2%) and Firmicutes (12.7%) were the most abundant phyla, accounting for
74.3% of the total reads. Other predominant phyla (abundance ≥ 1% of total reads) identified in
the rumen were Spirochaetota (8.41%), Verrucomicrobiota (6.22%), Fibrobacterota (5.98%),
Cyanobacteria (2.72%) and Patescibacteria (1.32%). In fecal samples, the most abundant bacterial
phyla were Bacteroidetes and Firmicutes, which corresponded to 49.6 and 38.7% of the total
bacterial reads. Spirochaetota (5.19%), Proteobacteria (2.92%) and Actinobacteriota (1.46%)
were other predominant phyla found in fecal samples. The taxonomic classification of the rumen
and fecal bacterial communities at different levels are shown in Figure 2.5. Considering the
differences observed between the rumen and fecal bacterial communities, further bacteriome
analysis were performed separately by sample type.
2.3.7
2.3.7.1

Diversity analysis within sample type
Alpha diversity
The α-diversity metrics used to describe bacterial richness (observed ASV), evenness

(Pielou’s index) and diversity (Shannon index) in high and low Neff cows are presented in Table
2.7. In the rumen, high Neff cows presented a greater bacterial richness than low Neff cows (P =
0.04). However, α-diversity metrics for evenness (P = 0.58) and diversity (P = 0.47) were similar
among Neff groups. The fecal bacterial community of high and low Neff cows exhibited similar
bacterial richness (P = 0.99), evenness (P = 0.71) and diversity (P = 0.72).
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2.3.7.2

Beta diversity
In this study, no significant differences were observed in the bacterial community structure

of rumen (P = 0.86) and fecal (P = 0.61) samples based on Neff (Figure 2.6). However,
differentially abundant bacterial features (P < 0.05 and LDA > 2.0) among Neff groups were
identified in rumen and fecal samples using LefSe (Table 2.8). In the rumen, these differences
were found at 5 taxonomic levels: class (Clostridia), order (Lachnospirales), family
(Lachnospiraceae), genera (FD2005, NK4A214_group, and Oribacterium) and ASV (total= 76,
Figure 2.7). In contrast, differences in the relative abundance of the fecal bacteriome were only
detected at genus (Anaeroplasma, Erysipelotrichaceae_UCG-008, and Family_XIII_UCG-001)
and ASV (total= 35; Figure 2.7) levels.
In the rumen, strong positive correlations were mostly observed between Neff and ASV
from the Prevotellaceae family (Table 2.9). Neff was also positively correlated with ASV from
the families Spirochaetaceae, Selenomonadaceae, Rikenellaceae, Erysipelatoclostridiaceae,
Oscillospiraceae and the orders Rhodospirillales and WCHB1-41. Whereas strong negative
correlations were observed between Neff and ASV from the families Acholeplasmataceae,
Spirochaetaceae and the orders WCHB1-41 and Gastranaerophilales. In feces, the majority of the
ASV presented negative correlations with Neff and belonged to the families Bifidobacteriaceae,
Christensenellaceae, Eubacteriaceae and Anaerovoracaceae (Table 2.10), while ASV from the
families Clostridia_UCG-014 and UCG-010 presented both positive and negative correlations.
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2.4
2.4.1

Discussion
Nitrogen efficiency and animal performance
Nitrogen is a major constituent of AA, the structural units of proteins. This nutrient is

required by dairy cows for numerous metabolic processes. However, dairy cows are inefficient in
N utilization for productive purposes, which results in substantial economic losses (Tomlinson et
al., 1996). To date, limited information is available regarding the milk composition of Holstein
cows with different Neff phenotypes. Earlier studies have mostly focused on the effects of different
dietary treatments on milk composition and Neff (Broderick, 2003). However, our analysis
suggests that Holstein cows varying in Neff phenotypes have a similar milk composition in terms
of protein and fat content, and SCC. Similar results were observed by Fadul-Pacheco et al. (2017),
who evaluated milk composition in relation to different levels of Neff in commercial dairy farms.
2.4.2

Nitrogen balance
Based on the N balance, both Neff groups presented a similar N intake. However, N

deposited as true protein in milk was greater in high Neff cows. These results are in accordance
with that of Grelet et al. (2020), who observed positive relationships between milk N and Neff.
Compared to milk N, a greater proportion of the N intake is usually excreted through urine and
feces (Castillo et al., 2000). The proportion of N lost in manure relative to milk production was
significantly lower in high Neff cows.
2.4.3

Rumen environment and AA availability
In the rumen, dietary N sources are incorporated into microbial protein, which once

delivered into the small intestine can be used to support the AA requirements of the ruminant host
(Piao et al., 2010). Increasing microbial protein synthesis has been associated with a greater Neff,
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an increased AA supply to the small intestine, and a decreased NH3-N concentration in the rumen
(Calsamiglia et al., 2010; Wang et al., 2019). However, this process is limited by the amount of
energy available after carbohydrates fermentation (Belanche et al., 2012). In the present study, the
low and high Neff cows presented similar concentrations of VFA, the main energy source for
ruminants. Furthermore, no differences were observed in the ruminal NH3-N concentration
between low and high Neff groups. This could suggest a similar profile of microbial fermentation
among Holstein cows with different Neff phenotypes. Previous studies suggest that the time
relative to feeding is an important factor when evaluating microbial fermentation (Li et al., 2009).
In the present study, all samples were collected before the morning feeding; thus, other sampling
times could be further considered.
Plasma samples were used to assess AA availability. Overall, no significant differences
were observed in total essential and non-essential AA. However, a significant correlation was
observed between Neff and plasma concentrations of Gln. In general, Gln is a NEAA which
participates in numerous metabolic processes including protein and carbohydrate metabolism and
ammonia detoxification in the liver (Meijer et al., 1993; Zhu et al., 2000). Furthermore, Gln is the
most abundant AA in milk (Meijer et al., 1993), which could suggest that high producing dairy
cattle would require a greater Gln uptake by the mammary gland. In addition, a significant
correlation was established between the plasma concentrations of Trp and Neff. Tryptophan is an
EAA which has been associated with increased N retention (Fisher et al., 1963), which could
explain the negative relationship with Neff.
2.4.4

Alpha diversity
Alpha-diversity metrics displayed a greater bacterial richness for high Neff cows compared

to low Neff cows in the rumen. This indicates that specific rumen bacterial features may only be
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associated to high Neff cows. Similarly, Guan et al. (2008) evaluated rumen bacterial PCR-DGGE
profiles of steers varying in feed efficiency and suggested that members of the rumen bacterial
community may be specific to efficient animals. Conversely, the fecal bacterial community
showed similar α-diversity metrics for both Neff groups. In a previous study, Wang et al. (2019)
evaluated the GI microbiota of goats in relationship with Neff but did not observe differences in
bacterial richness or evenness across different sites of the GI tract.
2.4.5

Differentially abundant bacterial ASV
In this study, the structure of the rumen and fecal bacteriomes were not differentiated based

on Neff. However, differentially abundant bacterial features were identified within rumen and
fecal samples. The biological relevance of these features were assessed based on their relationship
with Neff. In the rumen, bacterial ASV from the genus Prevotella presented very strong positive
correlation with Neff. This bacterial genus belongs to the Prevotellaceae family which is highly
abundant in the foregut of various ruminant species (Henderson et al., 2015). Previously, the
Prevotellaceae family has been involved in both protein and carbohydrate metabolism in the
rumen (Matsui et al., 2000). This family has also been positively correlated with traits of economic
importance such as average milk yield and milk protein content (Jami et al., 2014; Xue et al.,
2018). In a previous study, Lima et al. (2015) suggested that the rumen microbiome can accurately
predict milk yield in dairy cows. However, the mechanisms by which the rumen bacteriome can
modulate production traits is still unclear. In the present study, ASV from the families
Rikenellaceae, Selenomonadaceae, Erysipelatoclostridiaceae and Oscillospiraceae showed very
strong positive correlations with Neff. However, the role of these bacterial families in the rumen
have been poorly understood. Wang et al. (2019) observed that members of the Rikenellaceae
family were associated with high Neff phenotype in goats. In the rumen, one out of ten of the
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differentially abundant ASV showed strong negative correlations with Neff. These bacterial ASV
corresponded to the orders of Gastranaerophilales, and the Acholeplasmataceae family. Members
of the order WCHB1-41 and the family Spirochaetaceae were associated with both low and high
Neff phenotypes.
Differentially abundant bacterial ASV in the feces were mostly associated with low Neff
phenotypes. These ASV belonged to the families Bifidobacteriaceae, Christensenellaceae,
Eubacteriaceae and Anaerovoracaceae. In general, the Bifidobacteriaceae family holds fibrolytic
properties and is associated with fermentation of oligosaccharides (Perea et al., 2017). In beef
cattle, the Bifidobacteriaceae family was found to be associated with increased average daily feed
intake (Paz et al., 2018). Furthermore, a high relative abundance of Bifidobacteriaceae has been
found in the feces of steers with low feed efficiency (Myer et al., 2015; Welch et al., 2020).
Members of the Christensenellaceae family are known for their role in short chain fatty acid
production and have been found in fecal samples of humans, lambs and cattle (Morotomi et al.,
2011; Liu et al., 2016; Perea et al., 2017). This bacterial family has also been negatively correlated
with residual feed intake, a measure of feed efficiency in steers (Welch et al., 2020). Other studies
indicate that members of the Eubacteriaceae can be associated with cellulose and hemicellulose
breakdown (Ziemer, 2014). The greater number of bacterial ASV associated with carbohydrate
fermentation could suggest an increase in carbohydrate availability in the hindgut of low Neff
cows.
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2.5

Conclusion
At community level, the rumen and fecal bacteriomes of Holstein cows were not differentiated

by Neff phenotypes. Marked differences were observed in the relative abundance of specific
bacterial features at various taxonomic levels between Neff phenotypes. Furthermore, significant
correlations were stablished between Neff and the relative abundance of bacterial ASV from the
genera Anaeroplasma, NK4A214 group, Prevotella, Rikenellaceae RC9 gut group, Treponema and
UCG-014

found

in

rumen

samples

and

ASV

from

the

genera

Bifidobacterium,

Christensenellaceae R-7 group and Family XIII UCG-001 found in the fecal samples. However,
the mechanisms involved in these associations are still unknown.
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Table 2.1

Ingredient and chemical composition of the diet.

Item

% DM

Ingredient
Corn silage

38.4

Millet Baleage

9.60

Grass hay

2.11

Ground corn

22.4

Soybean meal

12.6

Distillers dried grains with solubles

8.30

Amino acid supplement1

1.9

Rumen inert fat2

1.9

Minerals and vitamins mix3

2.8

Assayed composition
DM, % as fed

44.0

CP

16.0

NDF

34.1

NEL (Mcal/kg)

1.65

1

Pro-Team70 (Perdue Agribusiness, Salisbury, MD).
Energy Booster 100 (Milk Specialties Global, Eden Prairie, MN).
3
Contained 11.2% Ca, 0.4% P, 4.5% Mg, 4.9% K, 12.5% Na, 7.4% Cl, 1.1% S, 1918 mg of
Mn/kg, 304 mg of Cu/kg, 1991 mg of Zn/kg, 20 mg of I/kg, 14 mg of Co/kg, 7 mg of Se/kg,
63,960 IU of vitamin A/kg, 16964 IU of vitamin D/kg, and 379 IU of vitamin E/kg.
2
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Table 2.2

Observed N efficiencies between low and high phenotypes.

Cow ID

Low Neff (%)

Cow ID

High Neff (%)

414

20.7

438

28.2

420

21.9

536

28.4

422

22.4

377

29.2

539

22.8

474

31.8

469

24.1

509

34.1

541

25.0

Mean

22.8 ± 0.83

30.3 ± 0.91

]
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P-value

< 0.01

Table 2.3

Dry matter intake (DMI), milk yield, and apparent N balance in low and high
N efficient Holstein cows.
Phenotype1

Item2

Low Neff (n = 6)

High Neff (n = 5)

P-value

DMI, kg/d

27.8 ± 1.24

25.7 ± 1.36

0.27

Milk yield, kg/d

32.8 ± 1.36

39.4 ± 1.49

< 0.01

Protein, %

3.11 ± 0.08

2.98 ± 0.08

0.27

Fat, %

3.99 ± 0.17

3.68 ± 0.19

0.26

SCC3, cells/mL

53.5 ± 2.81

62.6 ± 3.08

0.06

N intake

713 ± 31.6

658 ± 34.6

0.27

Milk N

162 ± 9.65

199 ± 10.57

0.03

Urinary N

222 ± 15.1

212 ± 16.6

0.68

Fecal N

245 ± 12.9

219 ± 14.1

0.20

Manure N4

467 ± 21.7

431 ± 23.8

0.29

Retained N5

83.1 ± 23.4

27.9 ± 25.7

0.15

Urinary N

6.76 ± 0.39

5.39 ± 0.42

0.04

Fecal N

7.54 ± 0.36

5.56 ± 0.40

< 0.01

Manure N

14.3 ± 0.54

11.0 ± 0.59

<0.01

22.8 ± 0.83

30.3 ± 0.91

< 0.01

N balance, g/d

N, g of N/kg of milk

Neff6, %
1

Neff = N efficiency
Values expressed as mean ± SEM.
3
SCC = somatic cell count.
4
Manure N = urinary N + fecal N.
5
Retained N = N intake − (milk N + manure N).
6
Neff = (milk N (g/d)⁄ N intake (g/d)) ×100
2

48

Table 2.4

Ruminal fermentation environment in low and high N efficient Holstein cows.
Phenotype1

Item2

Low Neff (n = 6)

High Neff (n = 5)

P-value

Rumen pH

6.56 ± 0.09

6.49 ± 0.10

0.63

Ammonia, mg/dL

8.05 ± 1.34

9.92 ± 1.47

0.37

Total VFA, mM

142 ± 14.2

145 ± 15.5

0.88

Acetic acid

68.4 ± 1.07

66.8 ± 1.17

0.34

Propionic acid

21.5 ± 1.22

23.3 ± 1.34

0.35

Butyric acid

8.96 ± 0.26

8.95 ± 0.29

0.99

Valeric acid

1.12 ± 0.11

0.95 ± 0.11

0.33

VFA, mol/100 mol

1
2

Neff = N efficiency
Values expressed as mean ± SEM.
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Table 2.5

Plasma free amino acid profile in low and high N efficient Holstein cows.
Phenotype1

Item2

Low Neff (n = 6)

High Neff (n = 5)

P-value

Arg

14.2 ± 1.50

12.6 ± 1.64

0.64

His

10.31 ± 0.90

9.13 ± 0.99

0.64

Ile

17.7 ± 1.36

14.3 ± 1.49

0.36

Leu

28.8 ± 2.14

23.4 ± 2.34

0.36

Lys

13.5 ± 1.67

11.1 ± 1.83

0.60

Met

3.25 ± 0.47

2.73 ± 0.51

0.64

Phe

10.36 ± 0.75

7.99 ± 0.83

0.36

Thr

11.9 ±1.37

12.5 ± 1.50

0.91

Trp

7.57 ± 0.47

6.57 ± 0.51

0.36

Val

36.5 ± 2.45

29.5 ± 2.68

0.36

TEAA4

154.1 ± 10.6

129.9 ± 11.6

0.36

Ala

21.7 ± 2.25

23.3 ± 2.47

0.82

Asp

6.64 ± 0.86

6.98 ± 0.94

0.91

Cys

5.63 ± 0.33

4.88 ± 0.36

0.36

Gln

29.6 ± 1.58

36.6 ± 1.73

0.33

Gly

20.8 ± 2.29

25.4 ± 2.51

0.36

Pro

11.3 ± 1.19

11.4 ± 1.30

0.93

Ser

8.86 ± 1.09

9.04 ± 1.19

0.93

Tyr

11.75 ± 1.14

9.44 ± 1.25

0.36

311 ± 15.7

309 ± 17.2

0.93

EAA3, µg/mL

NEAA5

Urea, µg/mL
1

Neff = N efficiency
Values expressed as mean ± SEM.
3
EAA, essential amino acids.
4
TEAA, total essential amino acids (sum of Arg, His, Ile, Leu, Lys, Met, Phe, Thr, Trp, Val).
5
NEAA, non-essential amino acids.
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Table 2.6

Pearson’s correlation analysis between plasma AA concentration and N
efficiency in Holstein cows.

Item

r

P-value

Arg

-0.23

0.49

His

-0.38

0.25

Ile

-0.46

0.15

Leu

-0.41

0.21

Lys

-0.38

0.25

Met

-0.16

0.63

Phe

-0.52

0.10

Thr

0.03

0.94

Trp

-0.61

0.04

Val

-0.46

0.15

-0.45

0.17

Ala

0.2

0.55

Asp

0.07

0.84

Cys

-0.38

0.26

Gln

0.59

0.05

Gly

0.43

0.19

Pro

0.08

0.81

Ser

0.12

0.73

Tyr

-0.43

0.19

EAA1 (µg/mL)

TEAA2
NEAA3

1

EAA, essential amino acids.
TEAA, total essential amino acids (sum of Arg, His, Ile, Leu, Lys, Met, Phe, Thr, Trp, Val).
3
NEAA, non-essential amino acids.
2
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Table 2.7

Alpha diversity metrics of the rumen and hindgut bacterial communities
between low and high N efficient (Neff) Holstein cows.
Phenotype1
P-value

Rumen

640.5 ± 17.28

706 ± 21.49

0.04

Feces

515.5 ± 17.88

524.6 ± 23.86

0.72

Rumen

0.80 ± 0.01

0.81 ± 0.02

0.86

Feces

0.84 ± 0.01

0.84 ± 0.001

0.99

Rumen

7.47 ± 0.11

7.65 ± 0.16

0.47

Feces

7.55 ± 0.10

7.57 ± 0.09

0.72

Rumen

0.97 ± 0.002

0.97 ± 0.004

0.14

Feces

0.99 ± 0.002

0.99 ± 0.003

0.72

Observed ASV

Shannon

Good’s Coverage

2

High Neff
(n = 5)

Site

Evenness

1

Low Neff
(n = 6)

Metrics2

Neff = N efficiency
Values expressed as mean ± SEM.
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Table 2.8

Differentially abundant bacterial features between low and high N efficient
(Neff) Holstein cows.
Phenotype1

Type1

Low Neff
(n = 6)

High Neff
(n = 5)

P-value

Clostridia

6.01 ± 0.31

7.49 ± 0.40

0.04

Order

Lachnospirales

2.27± 0.16

3.29 ±0.22

0.01

Family

Lachnospiraceae

2.27 ± 0.16

3.29 ± 0.22

0.01

Genera

FD2005

0.01 ± 0.003

0.05 ± 0.01

0.01

Oribacterium

0.09 ± 0.02

0.27 ± 0.06

0.02

NK4A214_group

0.10 ± 0.05

0.35 ± 0.10

0.03

Erysipelotrichaceae_UCG008

0.00 ± 0.00

0.03 ± 0.00

0.02

Family_XIII_UCG-001

0.04 ± 0.01

0.006 ± 0.004

0.02

Anaeroplasma

0.13 ± 0.03

0.04 ± 0.01

0.04

Level

Rumen Class

Feces

1

Genera

Taxa

Values expressed as mean ± SEM.

53

Table 2.9

Differentially abundant rumen bacterial ASV exhibiting significant correlations
with N efficiency in Holstein cows.

ASV

Genus

𝝆

P-value

Very strong correlations (| 𝝆 | > 0.70)
642a079967fb2ac33b7a47589143cef9

Anaeroplasma

-0.79

< 0.01

c8da393dafabaf9ebc14c6c1c0ab0251

Anaeroplasma

-0.71

0.02

58843e0288d9096e3b2a473146da085b

NK4A214_group

0.85

< 0.01

52dd2e13f02b87fc59c92b11b0f682b4

Prevotella

0.92

< 0.01

f58a692668d9c575fcd2a04f9924fcff

Prevotella

0.84

< 0.01

c4fa2e2674a35f5574cbfd63cc08dd71

Prevotella

0.76

0.01

728cd79a0775b86212344287425183f0

Prevotella

0.71

0.01

b6db20730434475b02dd5889fbfd845f

Prevotella

0.71

0.02

c464eac66fc80a6cab5fc63581b26f11

Rikenellaceae RC9 gut group

0.85

< 0.01

a3575915d0dcad7e6b130222efefb7a6

Treponema

0.90

< 0.01

a198df70078d612198000615d6dc5652

Treponema

0.84

< 0.01

59cc67d19e26fef0854c8d4876fae9bd

Treponema

0.77

0.01

8149bed0f651af0b8add6d2201c0929c

Treponema

-0.76

0.01

c636c2dd3551c4bc40a22f3d38870c56

Treponema

-0.75

0.01

d57112cbfedf6e7db7d80e885eedd3a8

Treponema

0.72

0.01

ed1f4aeb9f049810fc3ee993bad2548d

UCG-004

0.73

0.01

6cd36c95206f3c144679670411420e4e

unclassified

0.87

< 0.01

87e7c3cbd0dcc604561471a77905ae9e

unclassified

-0.83

< 0.01

df8bd393251b799a607b605886d2433a

unclassified

0.79

< 0.01

13b7e70051e0663052d52f962ef40e1a

unclassified

-0.78

< 0.01

a963c2595bdfe837b9f7c6a5667c345f

unclassified

-0.78

< 0.01

cd8f43429ec8ac6ea86d825cf389a146

unclassified

0.73

0.01

a7f847517e37eb23c63d73f36b2ccfc2

unclassified

-0.72

0.01

baf6c7d7ee234bf94e78e8a940b4c90c

unclassified

0.70

0.02
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Table 2.9 (Continued)
ASV

Genus

𝝆

P-value

Strong correlations (0.50 < | 𝝆 | ≤ 0.70)
ecfea1837c55c7587f33d75187f235f5

Anaeroplasma

-0.64

0.03

b3c22df3d7615c43c5710e425a5c90ab

Prevotella

0.68

0.02

a45d73662c1703043d9eb1c7fda4a19a

Prevotella

0.68

0.02

92e53d1a69fb186a117502da69f17d96

Prevotella

0.67

0.02

756976b9893136b2f01192bfa01eb3c8

Prevotella

0.66

0.03

7908fab07437eeda542ac091e1fa1871

Prevotella

0.65

0.03

2d76a91c290360b6e39072b394c88edd

Prevotella

0.62

0.04

2fda6ab284ccb1b32078f3ab9a4ed9b2

Selenomonas

0.67

0.02

3e0c9e689d5b6538c1b20cc826c7a73c

Treponema

-0.67

0.02

c54d5ba2dce8f98ddf977890c4879952

Treponema

-0.66

0.03

149409862be7d2169149a9bc9e21fa07

Treponema

-0.65

0.03

226701542c86d92de97542ae25f59414

Treponema

0.63

0.04

f1dc13db6fbadb425edbe15bacc2e34a

Treponema

-0.61

0.05

56b55fb405990ff910b9015ff08c1d66

UCG-004

-0.61

0.05

f1b46bb10759b9ed8bb96f7e7f4f2949

unclassified

0.68

0.02

efa243155ab25618eca3b83762710bd0

unclassified

0.67

0.02

8725409d5888523575c5f53b40b73941

unclassified

0.67

0.02

ee87a75807cc38e74d10d7d825dacbb8

unclassified

0.67

0.02

c44acb300d95adbe026d9d70244e1e01

unclassified

0.65

0.03

68a8ecbc9d563da58e9365cdb84d2bd4

unclassified

0.65

0.03

3bf62a415381ded69aeaad2548ec9aeb

unclassified

0.63

0.04

1f162461d6bb086cc78e4edb3d5f740b

unclassified

0.62

0.04

ae5b637a9462947aad715b33c0dcf0b0

unclassified

-0.61

0.05

b52fd9f63abc6604110adbfbefdc7ad1

unclassified

-0.59

0.05
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Table 2.10

Differentially abundant fecal bacterial ASV exhibiting significant correlations
with N efficiency in Holstein cows.

ASV

Genus

𝝆

P-value

Very strong correlations (| 𝝆 | > 0.70)
ec14a68bf134b5c86ac231307bfde98b

Bifidobacterium

-0.71

0.01

659bc8e39173706faac19baaab085725

Christensenellaceae R-7_group

-0.79

< 0.01

6eac8a15a307b2e12f5f62f60e47423a

Family_XIII_UCG-001

-0.74

0.01

c2cff75edcac2f18056a41a735694b2e

unclassified

0.78

< 0.01

a77418db84c35cdba6e1254aeaa534f1

unclassified

-0.86

< 0.01

a46eaa77a656e7327582b59efe77b66c

unclassified

-0.78

< 0.01

9ac2780339e743a62ef72b60d348878f

unclassified

-0.76

0.01

5f9c74c4553fe8428f316027ae296e67
unclassified
Strong correlations (0.50 < | 𝝆 | ≤ 0.70)

0.80

< 0.01

6b26d47b3210ad11d7b8e61facda68bb

Alistipes

0.67

0.02

ef13338902dec10bdf6d6b85d25d8005

Alistipes

-0.59

0.05

2667e29bfc41a7342c6112a78835bead

Candidatus Saccharimonas

0.62

0.04

06438d2facf851955509149395d620d9
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Figure 2.1

A

Daily individual dry matter intake and milk yield exhibited during the adaptation
period.

B

r = -0.61, P-value = 0.04

r = 0.59, P-value = 0.05
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Correlations between plasma Trp and Gln and N efficiency in Holstein cows.
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34

Figure 2.3

Rarefaction curves for (A) site and (B) phenotype. Samples were rarefied to an
even depth of 5,834 reads per sample.
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Figure 2.4

Principal coordinate analysis (PCoA) displaying clustering of bacterial
communities by sample site.

Beta diversity analysis of the rumen and fecal bacteriome based on a weighted UniFrac distance
matrix. Ellipse represents the 95% confidence interval.

Figure 2.5

Heat tree showing the taxonomical composition of the bacterial communities from
(A) rumen and (B) fecal samples.

Size and color of the nodes (circles) and edges (lines) correspond to the relative abundance of the
respective taxonomic levels.
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Figure 2.6

Principal coordinate analysis (PCoA) of the bacterial community for low and high
Neff groups within sample type.

Beta diversity analysis based on a weighted UniFrac distance matrix within (A) Rumen and (B)
feces.
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Figure 2.7

Differentially abundant bacterial ASV within rumen and fecal bacterial
communities among Holstein cows varying in Neff.
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CHAPTER III
THE RUMEN AND FECAL BACTERIOME OF JERSEY COWS DIFFERING IN
NITROGEN EFFICIENCY

3.1

Introduction
In the US, Jersey cows are the second most common breed and correspond to

approximately 7% of the dairy cattle inventory. This dairy breed is characterized by a high
deposition of milk solids (Prendiville et al., 2011). In fact, a glass of Jersey milk would hold a
higher proportion of fat (Palladino et al., 2010) and protein (Sears et al., 2020) compared to
Holstein milk. To date, milk pricing in the dairy industry is directly proportional to milk
composition (Young et al., 1986). As such, increasing the proportion of milk solids can improve
gains in dairy farms. Furthermore, Jersey cows have been reported to have a higher nutrient
efficiency. Specifically, Jersey cows exhibited a higher N efficiency (Neff) when compared to
other dairy breeds (Kristensen et al., 2015).
Overall, Neff in dairy cattle ranges from 20 to 45% (Van Vuuren and Meijs, 1987; Chase,
2007), showing that as much as 80% of the consumed N can be excreted through urine and feces.
This can have detrimental consequences for the environment as N becomes available for leaching
and volatilization (Pacheco and Waghorn, 2008). To date, most studies have focused on genetic
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and nutritional factors when evaluating differences in Neff. However, high variation in Neff
between individuals suggest that other factors should be considered (Huhtanen et al., 2015). In this
regard, the gastrointestinal microbiota has gained attention due to its role in protein degradation
and microbial protein synthesis in the rumen, and N recycling in the hindgut. Thus, it is
hypothesized that the rumen and fecal bacteriome communities in dairy cows will differ based on
Neff phenotypes. The objective of this study was to evaluate the relationship between Neff
phenotype and the bacteriome communities in the rumen and feces of Jersey cows.

3.2
3.2.1

Materials and Methods
Animals, housing, and management
The experimental procedures involving animals were performed under the approval of the

Mississippi State University Institutional Animal Care and Use Committee (IACUC #19-581). A
28-d trial was conducted with 23 mid lactation (145 ± 39.7 DIM; mean ± SD) Jersey cows with
430 ± 61.33 kg of body weight, 3.03 ± 0.35 of body condition score, and producing 22.34 ± 6.88
kg/d of milk. These cows were adapted over the first 14-d of the experiment, using the Calan
Broadbent Feeding System (American Calan Inc., Northwood NH) to record individual feed
intake. All cows were fed a totally mixed ration (TMR) balanced to meet or exceed the
requirements of a lactating cow in a 50:50 forage-to-concentrate ratio (dry matter (DM) basis;
Table 3.1). At the end of the adaptation period, all cows were able to freely access their assigned
feed bin without assistance and exhibited a stable intake and milk production patterns (Figure 3.1).
All samples were collected over the last 14-d of the experiment.
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The cows were housed in a free stall-barn at the Bearden Research center (Starkville, MS).
All cows were kept in the same pen (96% stocking density) and under the same management.
Cows were offered fresh TMR 2×/d (0600 and 1800 h) for ad libitum consumption and free access
to water troughs. The amount of TMR offered was adjusted daily to maintain 10% refusals (as is
basis). The refusals were weighed daily before the morning feeding. Individual intake was
calculated as the difference between the amount of feed offered and refused. The cows were milked
2×/d (0300 and 1500 h) in a double 8 parallel milking parlor at which the animals were moved as
a group. At the end of the experiment, all cows returned to routine farm activities.
3.2.2
3.2.2.1

Nitrogen balance
Feed and milk composition
On d 21, 22, 27, and 28 TMR and refusals were sampled and stored at -20 °C. Subsequently,

a composited sample of TMR and refusals was sent to Cumberland Valley Analytical Services
(Waynesboro, PA) for DM, crude protein (CP), neutral detergent fiber (NDF), and acid detergent
fiber (ADF) analyses. Daily individual milk yield was recorded using an automated parlor system
(Westfalia Surge Metatron 12 Milk Meter: GEA Farm Technologies, Oelde, Germany). Milk
samples were collected during each milking from d 24, 25, and 26 using Waikato milk meters
(Waikato Milking Systems, Horotiu, New Zealand). These samples were stored at room
temperature in plastic vials with Broad Spectrum MicroTabs containing bronopol and natamycin
(Advanced Instruments, Norwood, MA) before being shipped to Mid-South Dairy (Springfield,
MO) for protein and fat content and somatic cell count (SCC) analysis. Based on the nutrient
content of the TMR and milk composition, N intake and N in milk were calculated as follows:
N intake= {[intake × ( diet CP⁄6.25 )] − [refusals × ( refusals CP⁄6.25 )]} × 1000
71

(3.1)

where N intake = g/d, intake and refusals = kg/d, and diet and refusals CP = proportion of CP in
the sample.
Milk N= [milk yield × (milk true protein⁄6.38)] × 1000

(3.1)

where Milk N = g/d, milk yield = kg/d, and milk true protein = proportion of true protein in the
sample.
3.2.2.2

Fecal and urinary N
To account for diurnal variation, 8 concomitant collections were performed over the las 3

d of the experiment at 9 h intervals. This allowed to have a sample representing every 3-h interval
in a 24-h period. Fecal samples were collected via fecal grab and stored at -20 °C until further
analysis. Urine samples were collected via vulva stimulation, immediately after each collection a
urine aliquot of 40 mL was acidified to a final pH < 3 with 3 mL of 10% sulfuric acid (H2SO4) to
minimize N volatilization (Beltran et al., 2019). A second urine aliquot of 40 mL without acid was
stored at -80 °C.
Fecal samples were thawed, composited by cow, air-dried at 60 °C for 48 h, and ground
through a 2 mm screen using a Wiley mill (Arthur H. Thompson, Phil., PA). Ground fecal samples
were analyzed for DM, N (AOAC International, 2000; method 2001.11) using a Kjeltec Auto
Sampler System 1035 Analyzer (Tecator Inc., Höganäs, Sweden), and NDF (AOAC International,
2000; method 2002.4) and ADF (AOAC International, 2000; method 973.18) using an Ankom 200
Fiber Analyzer (Ankom Technology, Macedon, NY, USA).
Acidified urine aliquots were thawed and composited by cow before being shipped to
Cumberland Valley Analytical Services (Waynesboro, PA) for N analysis (AOAC International,
2000; method 990.03). The non-acidified urine aliquots were thawed, composited by cow, and
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analyzed for urinary creatinine concentration using the creatinine colorimetric assay (Cayman
Chemical Co., Ann Arbor, MI, USA) as per the manufacturer’s instructions. Creatinine was used
as a marker to estimate urine volume as: 29 × BW (kg)⁄creatinine (mg/L) (Tebbe and Weiss,
2018). Urinary N output was then calculated as the product of urine volume and urinary N
concentration (acid adjusted).
Apparent N digestibility was estimated using the nylon bag technique with indigestible
ADF as internal marker (Huhtanen et al., 1994). Ground samples of TMR and feces from each
cow were weighed in triplicates into 5 × 10 cm Dracon bags with a pore size of 50 ± 10 μm (R510;
Ankom Technology, Macedon, NY, USA) and incubated for 12 d in the rumen of two cannulated
cows fed with the experimental diet. After the incubation period, the Dracon bags were
immediately placed on ice and gently rinsed with running tap water, to stop microbial activity and
remove attached particles. The bags were later dried at 60 °C for 48 h and the bag contents were
analyzed for DM, iNDF, and iADF using the methods described for the fecal grab samples. The
apparent N digestibility was then calculated using the following formula:
100 − [100 × (

% of marker in diet
% of nutrient in feces
)×(
)]
% of marker in feces
% of nutrient in diet

(3.2)

At last, fecal N was calculated as the difference between intake N and digestible N.
The individual Neff was calculated as follows (Nadeau et al., 2007; Fadul-Pacheco et al.,
2017):
𝑁𝑒𝑓𝑓 =

milk N
× 100
intake N

(3.3)

Cows above and below 0.5 SD from the mean Neff were classified as high and low Neff
(Nkrumah et al., 2006; Wang et al., 2019).
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3.2.3

Rumen and fecal sampling for bacterial community profiling
On d 27, rumen samples were collected before the morning feeding (0500 h) via esophageal

tubing. The rumen samples were collected and prepared for bacterial community profiling as
described by Paz et al. (2016). Immediately after the rumen collection, ruminal pH was measured
using a portable pH meter (handheld pH meter, Oakton, Vernon Hills, IL). For volatile fatty acids
(VFA) and ammonia (NH3) analyses, two aliquots of 45-mL of rumen fluid were strained through
4 layers of cheesecloth and stored at -20 °C. Concomitant fecal samples (~200 g) were collected
via fecal grab and stored at -80 °C until further analysis.
3.2.4

Ruminal fermentation
Before analysis, the strained aliquots of rumen fluid for NH3 and VFA analyses were

thawed. The ruminal concentration of NH3-N was measured with a portable meter (Orion meter
model 290; Thermo Scientific Inc., Waltham, MA, USA) coupled to an NH3 ion selective electrode
(Orion 9512 ammonia sensing electrode; Thermo Scientific Inc., Waltham, MA, USA). For VFA
analysis, 1 ml of the filtered rumen sample was acidified with 0.2 mL of an internal standard (2mg/mL 2-ethyl butyric acid in 25% meta-phosphoric acid (w/v)) and centrifuged at 18,000 × g for
20 min. Subsequently, an aliquot (1 mL) of the resulting supernatant was analyzed using a 7890A
gas chromatography system equipped with a DB-FATWAX Ultra Inert column (30 m × 0.25 mm,
0.25 µm), a 5975C inert XL MSD with triple-axis mass detector, and a 7693 series autosampler
(Agilent Technologies, Santa Clara, CA, USA). The electron impact mode was operating at 70 eV
for the ionization and the selected ion monitoring (SIM) mode was used to acquire ion abundance.
The quantification of the VFA was based on an internal standard calibration against authentic
volatile fatty acid standards.
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3.2.5

Plasma amino acids (AA)
On d 27, blood samples were collected at 1800 h from the coccygeal artery into evacuated

tubes (BD Vacutainer; Becton Dickinson and Co., Franklin Lakes, NJ) containing K2EDTA.
Immediately after collection, the samples were placed on ice, and plasma was separated as
described by Paz and Kononoff (2014). Plasma samples were stored at -20 °C before being shipped
to the Agricultural Experimental Station Chemical Laboratories (Columbia, MO, USA) for free
AA profiling (Fekkes, 1996; Le Boucher et al., 1997) using the Hitachi L-8900 AA analyzer.
3.2.6

DNA extraction, library preparation, and sequencing
Genomic DNA was extracted from rumen and fecal samples using the Mag-Bind Stool

DNA Kit (Omega Bio-Tek, Norcross, GA, U.S.) as described by De La Guardia and Paz (2021).
For quality control, the concentration and purity of the extracted DNA were measured using the
NanoDrop One Spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA).
Subsequently, bacterial amplicon libraries were prepared by PCR amplification of the V4 region
of the 16S rRNA gene as described by Kozich et al. (2013). The integrity of the PCR products was
verified by gel electrophoresis (2% agarose gel). The resulting amplicons were normalized (1–2
ng/μl) using the SequalPrepTM Normalization Plate Kit (Invitrogen, Carlsbad, CA, USA) according
to the manufacturer’s protocol. The normalized amplicons were then pooled (10 μL/sample) and
the libraries were purified using the MinElute PCR Purification Kit (Qiagen, Valencia, CA, USA)
as per the manufacturer’s instruction. Purified libraries were later sequenced using the Illumina
MiSeq platform (Illumina, San Diego, CA, USA) at the Institute for Genomics, Biocomputing,
and Biotechnology (Mississippi State, MS, USA).
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3.2.7

Bioinformatic analysis
All sequences were analyzed using the QIIME 2 software v 2020.8.0 (Bolyen et al., 2019).

Demultiplexed sequences were quality filtered based on a quality score of 20 using the q2-qualityfilter plugin and denoised using the q2-deblur plugin to perform the Deblur workflow (Amir et al.,
2017). The sequences were clustered into amplicon sequence variants (ASV) and taxonomy was
assigned using the Naives Bayes classifier (Bokulich et al., 2018) with the SILVA database (Yarza
et al., 2014). The taxonomic profile of the bacterial communities was visualized with heat trees
using the "metacoder" package (Foster et al., 2017). All samples were rarefied to an even depth
(4893reads) via the q2- feature-table plugin. The adequacy of the sampling depth was then
evaluated using rarefaction curves and the Good’s coverage index (Good, 1953). α-diversity was
estimated using the number of observed features, pielou evenness and the Shannon index (Shannon
and Weaver, 1964) and beta diversity was calculated using the weighted UniFrac distances via the
q2-diversity plugin.
3.2.8

Statistical analysis
The R software was used to conduct a Student t-test to evaluate the differences in Neff,

performance, rumen fermentation, N balance, and plasma AA profile between high and low Neff
groups. For these variables, normality was confirmed using a Shapiro-Wilk test (P ≥ 0.05).
Pearson’s correlation analysis was used to evaluate the relationship between plasma AA and Neff.
For the microbiome analysis, α-diversity metrics were compared using a non-parametric KruskalWallis test and beta diversity was analyzed with a permutational multivariate ANOVA
(PERMANOVA) using the weighted UniFrac distance matrix and the adonis function from the
“vegan” package (Oksanen et al., 2016). Beta diversity was visualized using a principal coordinate
analysis (PCoA). A linear discriminant analysis (LDA) effect size (LEfSe) method (Segata et al.,
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2011b) was used to identify differentially abundant features within sample site and between groups
at different taxonomic levels. Spearman’s correlation test was used to describe the correlations
between differentially abundant bacterial ASV and Neff. Correlation coefficients between 0.20
and 0.49, between 0.50 and 0.70, and greater than 0.70 were defined as weak, strong, and very
strong correlations, respectively (Kozak, 2009). Statistical significance was declared at P ≤ 0.05.

3.3

Results

3.3.1

Nitrogen efficiency phenotype
Based on the selection criteria used to categorize Neff phenotypes, 6 cows were classified

as low Neff and 7 cows were classified as high Neff (Table 3.2). The Neff between low and high
Neff groups was significantly different (P < 0.01) and averaged 22.6% and 33.9%, respectively (P
< 0.01).
3.3.2

Nitrogen balance responses
Production and N balance results are shown in Table 3.3. In this experiment, DMI was

similar (P = 0.89) among low and high Neff cows, averaging 18.9 kg/d. However, high Neff cows
produced more (P < 0.01) milk when compared to low Neff cows (28.5 vs 18.1 kg/d, respectively).
The milk of both Neff groups had a similar (P ≥ 0.17) content of fat, protein and SCC.
The N intake was similar (P = 0.90) in both Neff groups, but high Neff cows deposited a
greater (P = 0.01) amount of N as true protein in milk when compared to low Neff cows (156 vs
104 g/d). These results are consistent with the intake and milk production patterns observed in this
study. The fecal N output was not affected (P = 0.88) by phenotype, but high Neff cows showed a
greater (P = 0.04) urinary N output, and a lower (P < 0.01) N retention than low Neff cows. The
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proportion of N excreted in urine, feces, and manure relative to the kg of milk produced were lower
(P ≤ 0.04) in high Neff cows.
3.3.3

Ruminal fermentation
Ruminal fermentation variables are presented in Table 3.4. The pH, NH3-N concentration

and total VFA did not differ (P ≥ 0.84) between phenotypes. In addition, no differences (P ≥ 0.43)
were observed in the molar proportions of acetic, propionic or valeric acid. However, the molar
proportions of butyric acid were greater (P = 0.04) in low Neff cows compared to high Neff cows
(12.1 vs 10.9 mol/100 mol, respectively).
3.3.4

Plasma AA profile
Plasma concentration of essential AA (EAA) and non-essential AA (NEAA) are presented

in Table 3.5. In this study, the plasma concentration of EAA (Arg, His, Ile, Leu, Lys, Met, Phe,
Thr, Val) and NEAA (Ala, Asp, Cys, Gln, Gly, Pro, Ser, Tyr) were similar (P ≥ 0.27) among
phenotypes. The Pearson correlation analysis showed significant moderate correlations between
Neff and the plasma concentration of Ala and Gly (Figure 3.2). The plasma concentrations of the
remaining AA were not correlated (P ≥ 0.06) with Neff (Table 3.6).
3.3.5

Sequencing information
After quality control, sequenced samples were rarefied to an even depth of 4,893 reads,

from which 2,340 bacterial ASV were identified. The adequacy of the sampling depth was then
assessed using rarefaction curves and the Good’s coverage index. Rarefaction curves showed a
similar coverage across sample sites (rumen and feces) and Neff phenotypes (high and low Neff)
(Figure 3.3). Furthermore, the Good’s coverage index showed that the sequencing depth of this
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study could adequately describe between 96% and 98% of the bacterial community across samples
(Table 3.7).
3.3.6

Sample site
Differences (P < 0.01) in the bacterial community composition by sample site are

illustrated in Figure 3.4. In the rumen, Bacteroidetes (45.5%), Proteobacteria (21.3%), and
Firmicutes (13.9%) were the most abundant phyla, accounting for 80.7% of the total reads. Other
major bacterial phyla (abundance ≥ 1% of total reads) identified across rumen samples were
Verrucomicrobiota (7.75%), Spirochaetota (3.82%), Fibrobacterota (3.26%), Cyanobacteria
(1.96%), and Patescibacteria (1.26%). In contrast, the fecal bacterial community was mostly
comprised of Bacteroidetes and Firmicutes which represented 44.4% and 39.6% of the total reads,
respectively. Other major bacterial phyla detected across fecal samples were Spirochaetota
(8.83%), Proteobacteria (3.77%), and Actinobacteriota (1.60%). The classification of the rumen
and fecal bacterial community at different taxonomic levels is illustrated in Figure 3.5. Considering
the differences observed across sample sites, the bacterial communities of rumen and fecal samples
were analyzed separately.
3.3.7

Alpha diversity
The α-diversity metrics used to describe bacterial richness (observed ASV), evenness

(Pielou’s index), and diversity (Shannon index) within sample site are presented in Table 3.7. In
this study, rumen and fecal samples exhibited similar (P ≥ 0.39) α-diversity metrics between low
and high Neff phenotypes.
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3.3.8

Beta diversity
In this study, no differences (P ≥ 0.41) were observed in the rumen or fecal bacteriome

structure of Jersey cows with different Neff phenotypes (Figure 3.6). However, differentially
abundant (P < 0.05; LDA > 2.0) bacterial features of various taxonomic levels were identified
among low and high Neff phenotypes within sample site (Figure 3.7). In the rumen, high Neff
cows presented a greater relative abundance of the Actinobacteriota and Elusimicrobiota phyla.
The class Elusimicrobia and Alphaproteobacteria were more abundant in high Neff cows, whereas
Actinobacteria was more abundant in low Neff cows. In addition, high Neff cows exhibited a
greater abundance of the order Elusimicrobiales and Rhodospirillales but a lower abundance of
Bifidobacteriales when compared with low Neff cows. The family Elusimicrobiaceae was more
abundant in the rumen of high Neff cows, while the Bifidobacteriaceae family was more abundant
in the rumen of low Neff cows. Moreover, the Shuttleworthia and Prevotellaceae UCG_001 genera
were significantly greater in the low Neff group, while the abundance of Elusimicrobium genus
was significantly lower.
The fecal samples of low Neff cows exhibited a greater relative abundance of the class
Kiritimatiellae and Negativicutes when compared to high Neff cows. Additionally, the relative
abundance of the orders WCHB1_41 and Acidaminococcales was greater in low Neff cows, while
the Enterobacterales order was more abundant in high Neff cows. The family Enterobacteriaceae
exhibited a greater abundance in high Neff group, whereas the Acidaminococcaceae had a greater
abundance in the low Neff group. High Neff cows had a greater abundance the genus
Escherichia_shigella, but a lower abundance of Prevotella and Phascolarctobacterium when
compared to low Neff cows.
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At the ASV level, 80 differentially abundant bacterial ASV were detected in the rumen and
40 in the feces (Figure 3.8). Relevant bacterial features across Neff groups were then discriminated
based on their relationship with Neff (𝝆 ≥ 0.70, P ≤ 0.05). Rumen bacterial ASV presenting very
strong correlations with Neff represented the 10% of the differentially abundant ASV (Table 3.8).
These bacterial ASV corresponded to the genera Lachnospiraceae AC2044 group, Ruminococcus,
Treponema, the family F082 and the orders Rhodospirillales and WCHB1-41. In the feces,
bacterial ASV strongly correlated with Neff corresponded to 15% of the differentially abundant
ASV (Table 3.9). These ASV corresponded to the genera Candidatus_Saccharimonas,
Monoglobus, Odoribacter; and the families Lachnospiraceae, Ruminococcaceae, and UCG010.

3.4
3.4.1

Discussion
Nitrogen efficiency phenotypes and production variables
The Neff of dairy cows ranges between 20% and 45%, which has been negatively

associated with DMI and positively associated with milk production (Nadeau et al., 2007). In terms
of milk composition, Jersey cows are known for their greater fat, protein and energy deposition
when compared to Holstein cows (Aikman et al., 2008). However, Jersey cows varying in Neff
present a similar milk composition in terms of fat and protein concentration.

3.4.2

Nitrogen balance
As a result of the similar dietary conditions, both Neff groups exhibited similar N intakes,

yet the N partitioning to milk and urine differed between groups. High Neff cows deposited a
greater portion of N as true protein in milk than low Neff cows. In previous studies, N intake and
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milk N concentration have been correlated with Neff (Nadeau et al., 2007; Grelet et al., 2020). In
addition, high Neff cows presented a greater urinary N excretion, which was accompanied by a
negative N retention. These results could suggest the mobilization of body reserves by high Neff
cows (Aikman et al., 2008; Paz and Weiss, 2012). In contrast, low Neff cows were characterized
by a greater urinary and fecal N loss per unit of milk produced when compared with high Neff
cows. Similar results are usually associated with N inefficiency which ultimately result in
significant N losses (Castillo et al., 2000).
3.4.3

Rumen environment
In the current study, no significant differences were observed in pH, rumen NH3

concentration or total VFA concentration, which suggests a similar rumen environment between
low and high Neff phenotypes. However, the molar proportions of butyrate were significantly
higher in the rumen of low Neff cows. This would disagree with the results of Wang et al. (2019),
who observed a greater ruminal pH, a lower ruminal concentration of NH3 and a lower molar
proportion of propionate in high Neff Nubian goats.
3.4.4

Amino acid availability
In the present study, both Neff groups presented comparable plasma AA profiles. However,

Neff was positively correlated with plasma Ala and Gly which are considered main gluconeogenic
AA (Bach et al., 2000). Furthermore, high plasma concentration of Gly has been previously
associated with high yielding dairy cows (Foldager et al., 1980), which could explain its positive
correlation with Neff.
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3.4.5

Alpha and beta diversity
In the present study, no differences were observed in the overall bacterial community

composition or structure between low and high Neff phenotypes. These results are in agreement
with those of Wang et al. (2019), who observed no significant differences in α-diversity and βdiversity of Nubian goats varying in Neff. Instead, the bacterial community of Jersey cows varying
in Neff was differentiated by individual bacterial ASV previously associated with carbohydrate
fermentation, VFA production and productive traits.
In the present study, low Neff cows presented a high relative abundance of the phyla
Actinobacteriota. This phyla is comprised of gram-positive bacteria associated with breakdown of
complex polysaccharides such as cellulose (Cholewińska et al., 2020). A greater abundance of this
phylum was mostly elicited by the greater abundance of the Bifidobacteriaceae family observed
in low Neff cows. This bacterial family has shown to be associated with acetate and lactate
production, which can be further metabolized by rumen microbes into butyrate (Binda et al., 2018).
Other differentially abundant bacterial features in low Neff cows corresponded to the genus
Shuttleworthia, which previously showed positive correlations with ruminal butyrate
concentration in dairy cows (Mu et al., 2019). Thus, a high relative abundance of bacterial ASV
corresponding to the Bifidobacteriaceae family and the Shuttleworthia genus, could explain the
greater concentration of butyrate observed in low Neff cows.
In addition, a greater relative abundance of the Alphaproteobacteria class was observed in
high Neff cows when compared to low Neff cows. Within this class, the genus Rhodospirillales
had a greater abundance in high Neff cows. Furthermore, differentially abundant bacterial ASV
from the Alphaproteobacteria class presented very strong positive correlations with Neff. In a
study conducted by Indugu et al. (2017), the Alphaproteobacteria class was negatively correlated
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with milk yield, but positively correlated with fat and protein content in milk. Other bacterial ASV
from the genus Ruminococcus were also associated with Neff. According to Tong et al. (2018),
high yielding cows present a greater abundance of bacteria corresponding to the Ruminococcus
genus. This could suggest that milk yield and composition in efficient cows could be influenced
by a greater abundance of members of the Alphaproteobacteria class and the Ruminococcus genus.
In the feces, the class Negativicutes, previously assigned to Clostridia, had a greater
relative abundance in low Neff cows. According to Jami et al (2014), this bacterial class is
positively correlated with fat deposition in dairy cows. In addition, the relative abundance of the
genus Prevotella was significantly higher in the feces of low Neff cows. In agreement with our
results, Myer et al. (2015) reported differences in the relative abundance of Prevotella in the colon
of steers differing in feed efficiency. In this study, bacterial ASV from the genus Candidatus
saccharimonas exhibited strong correlations with Neff.

3.5

Conclusions
Collectively, our results indicate that the rumen and fecal bacterial community of Jersey

cows was not differentiated by Neff phenotypes. However, differentially abundant ASV presented
strong correlations with Neff phenotypes. These bacterial ASV corresponded to the genus
Lachnospiraceae AC2044 group and Ruminococcus in the rumen, and to the genera Candidatus
Saccharimonas, Monoglobus and Odoribacter in the feces. Furthermore, these ASV could
potentially be involved in feed efficiency, carbohydrate fermentation and productive performance.
Altogether these suggest that the bacteriome composition across the gastrointestinal tract in dairy
cows is one of the factors influencing individual Neff in Jersey cows.
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Table 3.1

Ingredient and chemical composition of the diet.

Item

% DM

Ingredient
Corn silage
Millet Baleage
Grass hay
Ground corn
Soybean meal
Distillers dried grains with solubles

38.4
9.60
2.11
22.4
12.6
8.30

Amino acid supplement1
Rumen inert fat2
Minerals and vitamins mix3
Assayed composition
DM, % as fed
CP
NDF
NEL (Mcal/kg)

1.9
1.9
2.8
44.1
16.7
34.8
1.66

1

Pro-Team70 (Perdue Agribusiness, Salisbury, MD).
Energy Booster 100 (Milk Specialties Global, Eden Prairie, MN).
3
Contained 11.2% Ca, 0.4% P, 4.5% Mg, 4.9% K, 12.5% Na, 7.4% Cl, 1.1% S, 1918 mg of
Mn/kg, 304 mg of Cu/kg, 1991 mg of Zn/kg, 20 mg of I/kg, 14 mg of Co/kg, 7 mg of Se/kg,
63,960 IU of vitamin A/kg, 16964 IU of vitamin D/kg, and 379 IU of vitamin E/kg.
2
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Table 3.2

Observed N efficiency (Neff) between low and high phenotypes

Cow ID

Low Neff (%)

Cow ID

High Neff (%)

67

15.0

262

31.3

66

22.6

272

32.8

55

23.1

64

32.8

92

23.9

98

33.0

99

25.4

86

34.2

95

25.8

299

34.3

68

39.1

Mean

22.6 ± 1.3

33.9 ± 1.2
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P-value

< 0.01

Table 3.3

Dry matter intake (DMI), milk yield, and apparent N balance in low and high N
efficient (Neff) Jersey cows.
Phenotype

1

Low Neff (n = 6)

High Neff (n = 7)

P-value

DMI, kg/d

18.10 ± 1.89

17.7 ± 1.75

0.89

Milk yield, kg/d

18.10 ± 2.03

28.5 ± 1.88

< 0.01

Protein, %

3.65 ± 0.08

3.48 ± 0.08

0.17

Fat, %

4.80 ± 0.18

4.66 ± 0.17

0.60

SCC2, cell/mL

1050 ± 309

242 ± 286

0.20

N intake

469 ± 48.70

461 ± 45.0

0.90

Milk N

104 ± 12.40

156 ± 11.50

0.01

Urinary N

146 ± 9.66

180 ± 8.94

0.04

Fecal N

135 ± 20.00

139 ± 18.50

0.88

Manure N3

281 ± 26.60

319 ± 24.60

0.35

Retained N4

85.2 ± 16.70

-13.9 ± 15.50

< 0.01

Urinary N

8.26 ± 0.54

6.46 ± 0.50

0.04

Fecal N

7.29 ± 0.43

4.81 ± 0.40

< 0.01

Manure N

15.5 ± 0.68

11.3 ± 0.63

< 0.01

22.60 ± 1.31

33.9 ± 1.22

< 0.01

Item

N balance, g/d

N, g /kg of milk

Neff, %5
1

Values expressed as mean ± SEM.
SCC = somatic cell count.
3
Manure N = urinary N + fecal N.
4
Retained N = N intake − (milk N + manure N).
5
Neff = (milk N (g/d)⁄ N intake (g/d)) ×100.
2

87

Table 3.4

Ruminal fermentation environment in low and high N efficient (Neff) Jersey cows.
Phenotype

Measure1

Low Neff (n = 6)

High Neff (n = 7)

P-value

Rumen pH

6.39 ± 0.12

6.43 ± 0.11

0.84

Ammonia, mg/dL

13.9 ± 2.34

13.6 ± 2.16

0.95

Total VFA, mM

138 ± 9.26

136 ± 8.57

0.88

Acetic acid

70.2 ± 0.69

70.9 ± 0.64

0.43

Propionic acid

16.8 ± 0.71

17.3 ± 0.65

0.61

Butyric acid

12.1 ± 0.38

10.9 ± 0.35

0.04

Valeric acid

0.99 ± 0.07

0.96 ± 0.07

0.74

VFA, mol/100 mol

1

Values expressed as mean ± SEM.
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Table 3.5

Plasma free amino acid profile of low and high N efficient (Neff) Jersey cows.
Phenotype

Item

1

Low Neff (n = 6)

High Neff (n = 7)

P-value

Arg

12.7 ± 0.99

12.4 ± 0.92

0.93

His

12.0 ± 0.64

11.5 ± 0.59

0.77

Ile

14.4 ± 1.46

15.5 ± 1.35

0.77

Leu

24.1 ± 2.31

25.9 ± 2.14

0.77

Lys

11.2 ± 1.10

11.2 ± 1.01

0.98

Met

2.87 ± 0.42

3.23 ± 0.39

0.77

Phe

9.84 ± 0.68

10.85 ± 0.63

0.30

Thr

9.78 ± 0.93

12.02 ± 0.86

0.42

Trp

6.15 ± 0.50

8.17 ± 0.46

0.27

Val

28.0 ± 2.74

29.7 ± 2.54

0.77

106.3 ± 8.82

116.6 ± 8.17

0.77

Ala

20.0 ± 1.93

24.4 ± 1.79

0.42

Asp

6.28 ± 0.62

7.78 ± 0.57

0.42

Cys

4.40 ± 0.25

4.50 ± 0.24

0.85

Gln

28.5 ± 1.54

26.7 ± 1.42

0.77

Gly

21.9 ± 1.59

26.6 ± 1.48

0.42

Pro

11.8 ± 0.87

13.4 ± 0.81

0.56

Ser

9.44 ± 0.711

11.1 ± 0.66

0.42

Tyr

10.8 ± 1.11

12.1 ± 1.03

0.77

EAA1 (µg/mL)

TEAA2
3

NEAA

Urea
368 ± 15.8
378 ± 14.6
0.77
Values expressed as mean ± SEM
2
TEAA, total essential amino acids (sum of Arg, His, Ile, Leu, Lys, Met, Phe, Thr, Trp, Val).
3
NEAA, non-essential amino acids.
1
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Table 3.6

Pearson’s correlation analysis between plasma free AA concentration and N
efficiency in Jersey cows.

Item

r

P-value

Arg

-0.11

0.71

His

-0.28

0.35

Ile

0.09

0.76

Leu

0.05

0.86

Lys

-0.03

0.91

Met

0.16

0.60

Phe

0.19

0.54

Thr

0.41

0.16

Trp

0.50

0.08

Val

-0.02

0.95

0.13

0.68

Ala

0.59

0.03

Asp

0.50

0.08

Cys

0.20

0.50

Gln

-0.42

0.15

Gly

0.67

0.01

Pro

0.45

0.12

Ser

0.53

0.06

Tyr

0.20

0.51

EAA1 (µg/mL)

TEAA2
NEAA3

1

EAA, essential amino acids.
TEAA, total essential amino acids (sum of Arg, His, Ile, Leu, Lys, Met, Phe, Thr, Trp, Val).
3
NEAA, non-essential amino acids.
2
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Table 3.7

Alpha diversity metrics of the rumen and hindgut bacterial communities between
low and high N efficient (Neff) Jersey cows.
Phenotype
High Neff
(n = 7)

P-value

Rumen

630.50 ± 21.78

636.71 ± 30.01

0.62

Feces

519.50 ± 16.99

491.29 ± 24.10

0.39

Rumen

0.80 ± 0.02

0.78 ± 0.01

0.57

Feces

0.83 ± 0.01

0.83 ± 0.01

0.89

Rumen

7.41 ± 0.16

7.29 ± 0.16

0.78

Feces

7.53 ± 0.07

7.42 ± 0.12

0.57

Rumen

0.96 ± 0.004

0.97 ± 0.002

0.89

Feces

0.98 ± 0.002

0.98 ± 0.003

0.77

Site

Observed ASV

Evenness

Shannon

Good’s Coverage
1

Low Neff
(n = 6)

Metrics1

Values expressed as mean ± SEM.
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Table 3.8

Differentially abundant rumen bacterial ASV presenting significant correlations
with N efficiency in Jersey cows.

ASV

Genus

𝝆

P-value

Very strong correlations (| 𝝆 | > 0.70)
64fd37a6db16383e49cc4b6e796d3898

Lachnospiraceae AC2044 group

-0.70

0.01

b7ed17fa5e77822fc849592f9bb13043

Ruminococcus

-0.72

0.01

b56403fec13dbf945e8fe70007516adf

Ruminococcus

0.75

0.00

a9ef7a444e56436e17aaab57cfdba0ec

Treponema

0.87

0.00

855905bf9f9c5449d02e4532a08aca5a

unclassified

0.72

0.01

bdb4fee6045d76ada3683a0b89327db9

unclassified

0.72

0.01

220c0be1aa5d7644d3801e0d2af280ba

unclassified

0.77

0.00

e59f447cb0e523ae255ad725ae96d459

unclassified

0.76

0.00

e4ac08f5ccdcb2af35ae83f08f812f0a
unclassified
Strong correlations (0.50 < | 𝝆 | ≤ 0.70)

0.77

0.00

782a6e24f34ec38761c490045713939b

Anaeroplasma

0.55

0.05

4be638a77d52cdc38883d3a16c1c1527

Anaerovorax

-0.64

0.02

5faf23be1fc42b2390eec455fa81bfb2

Prevotella

-0.59

0.03

ce0f720324f711199f1ec488589d33ea

Prevotellaceae NK3B31 group

-0.56

0.04

f5770b5e32cd423b126ec81ca677d15a

Prevotellaceae UCG-003

0.67

0.01

1333cbd330493e284f39daa4b2274251

Ruminococcus

-0.64

0.02

d85b22d4f4aec0009abf2ab6bc51b7d8

Ruminococcus

0.58

0.04

2bb4c673206cf97c5f4748d57a98ec2f

Treponema

0.66

0.01

8d6f3726878e3679b9540c60df554cc7

unclassified

0.67

0.01

5753be43abf577ce04e5a6ae98a21468

unclassified

-0.64

0.02

5a309801c70ef19a4f65862d45e6aa38

unclassified

-0.60

0.03

cefd64a817bbf4abab6c7f26dd0ce305

unclassified

0.61

0.03

f9d371a2d93bacb848c5b4865b0dcb2a

unclassified

0.63

0.02
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Table 3.8 (Continued)
ASV

Genus

𝝆

P-value

d77ff74d51719127c4ef5807d0d08547

unclassified

-0.57

0.04

cb2214aa45e9c1a4938452675e9ff4ba

unclassified

-0.59

0.03

7ef54418098ee980a1b3f669d4859a5a

unclassified

0.64

0.02

59232a36834cbaed54a5e93335a1cafe

unclassified

-0.60

0.03

f7235d6f5439e851d5a7c7fcc82c604b

unclassified

0.63

0.02

4ccedf60e93360424764136b0c8004bc

unclassified

0.58

0.04

68a8ecbc9d563da58e9365cdb84d2bd4

unclassified

0.64

0.02

2d367015f9bc5be4ded3b87c763e0293

unclassified

0.67

0.01

c8600509c6c81c8c79f3e77bee464e79

unclassified

0.61

0.03

e98470ea318da6681037edb8ead80494

unclassified
unclassified

0.57

0.04

0.58

0.04

736d4bbb2bd8a302f211c80a759225d9
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Table 3.9

Differentially abundant fecal bacterial ASV presenting significant correlations
with N efficiency in Jersey cows.

ASV

Genus

𝝆

P-value

Very strong correlations (| 𝝆 | > 0.70)
b51af30eb20cd6017406691b366fde5a

Candidatus_Saccharimonas

0.84

0.00

09ed39f6fb89cbcd10f31496c74d7cc3

Monoglobus

-0.80

0.00

b2f6d0f631797919ab01c742d7a6df76

Odoribacter

0.77

0.00

8f97e30f094240e413e64743a065181c

unclassified

0.81

0.00

5ca25a9667b018da8160d6d70313f94e

unclassified

0.80

0.00

73d4c5a2db81c5338be0770a1485a0bd
unclassified
Strong correlations (0.50 < | 𝝆 | ≤ 0.70)

0.74

0.00

b8fd610b590530b800e7ac62ed92f57e

Christensenellaceae_R-7_group

-0.69

0.01

a8ee896a3bb85989582765f7b3a1ed92

Defluviitaleaceae_UCG-011

-0.59

0.03

4c8288bfbd76958c0c094d87b97650f8

Escherichia-Shigella

0.63

0.02

8e0a6da9213a5a895f3cbfc76181c68d

Monoglobus

0.62

0.02

25aa0779ba4f848f859adffbafaaa2b4

NK4A214_group

0.60

0.03

29e9ddca2a39c53c1c71c453f560cb03

Rikenellaceae_RC9_gut_group

0.59

0.03

ab3e6cb00ca25c6a15d996d5f02e78c3

unclassified

-0.70

0.01

4b9062245470b7695800617d493dd8b9

unclassified

-0.62

0.02

ad8fe72abbf5a0d6604f1e2fb27a5b02

unclassified

-0.61

0.03

0de81ad68dce6109183609bb6d71c368

unclassified

-0.55

0.05

3dc8c0cebcb48611a53b503899150f87

unclassified

0.56

0.05

f32ecc36808a68c332227655360d72fe

unclassified

0.58

0.04

512b31b7a1bd48883734f9d8b9fa670b

unclassified

0.66

0.01

ff3978f2cf66831bd58917aa9bad5b35

unclassified

0.67

0.01

7799344b5e213ecd047260e7aaa886d5

unclassified

0.68

0.01
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Figure 3.1

Daily individual dry matter intake and milk yield exhibited during the adaptation
period.
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Correlations between plasma Ala and Gly and N efficiency (Neff) in Jersey cows.
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Figure 3.3

Rarefaction curve for (A) site and (B) phenotype.

Samples were rarefied to an even depth of 4,893 reads per sample.
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Figure 3.4

−0.3

−0.2

−0.1

0.0

0.1

PC1 (78.1%)

0.2

Principal coordinate analysis (PCoA) displaying clustering of bacterial
communities by samples site.

Beta diversity analysis of the rumen and fecal bacteriome based on a weighted UniFrac distance
matrix. Ellipse represents 95% confidence interval.

Figure 3.5

Heat tree showing the taxonomical composition of the bacterial communities from
(A) rumen and (B) fecal samples.

Size and color of the nodes (circles) and edges (lines) correspond to the relative abundance of the
respective taxonomic levels.
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Figure 3.6

Principal coordinate analysis (PCoA) of the bacterial community for low and high
Neff groups within sample site.

Beta diversity analysis of the rumen and fecal bacteriome based on a weighted UniFrac distance
matrix.

A

Figure 3.7

Rumen

B

Feces

Cladogram demonstrating differentially abundant bacterial features at different
taxonomic levels.

98

Figure 3.8

Differentially abundant bacterial ASV within rumen and fecal bacterial
communities among Jersey cows varying in Neff.
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CHAPTER IV
GENERAL CONCLUSION
Nitrogen inefficiency in dairy cows represent a significant economic and environmental
challenge to the dairy industry. To date, multiple approaches have been used to study both
nutritional and non-nutritional factors to improve Neff. However, limited progress over the years
called for alternatives. In these studies, we evaluated the relationships between rumen and fecal
bacterial communities and divergent Neff phenotypes in Holstein and Jersey cows.
Our analysis showed that within breed, cows with different Neff phenotypes exhibited
similar rumen and fecal bacterial community structures. The rumen and fecal bacterial
communities had also similar evenness and Shannon diversity regardless of Neff group. However,
differences were observed in bacterial richness, where high Neff Holstein cows presented a greater
number of observed ASV when compared to low Neff cows. Bacterial richness was similar
between Neff groups in Jersey cows. Rumen and fecal bacterial communities presented
pronounced differences at the ASV-level between Neff groups. Specific ASV showed strong
correlations with Neff. In Holstein cows, these bacterial ASV corresponded to the genus
Anaeroplasma, NK4A214 group, Prevotella, Rikenellaceae RC9 gut group, Treponema and UCG014 in the rumen; whereas in the feces to the genus Bifidobacterium, Christensenellaceae R-7
group and Family XIII UCG-001. For Jersey cows, strong correlations were observed between
Neff and the relative abundance of the genus Lachnospiraceae AC2044 group, Treponema and
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Ruminococcus in the rumen, whereas in the feces Neff was correlated with the abundance of
Candidatus Saccharimonas, Monoglobus and Odoribacter. Overall, these findings suggest that the
bacteriome community across the gastrointestinal tract in dairy cows is one of the factors
associated with individual Neff.
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A.1

Abstract
This study aimed to evaluate the effects of feeding frequency on behavioral patterns and

on diurnal fermentation and bacteriome profiles of the rumen and feces in Holstein and Jersey
cows. Ten Holstein and 10 Jersey cows were offered a TMR (53:47 forage-to-concentrate ratio
dry matter basis) for ad libitum consumption and were randomly allocated within breed to one of
the following feeding frequencies: (1) TMR delivered 1×/d (at 0600 h) or (2) TMR delivered 2×/d
(at 0600 and 1800 h). The experiment lasted for 28 d with the first 14 d for cow adaptation to the
Calan gates and the next 14 d for data collection. On d 23 and 24, an observer manually recorded
the time budget (time spent lying, eating, drinking, standing, and milking), rumination activity,
and number of visits to the feeding gate from each animal. On d 28, 5 concomitant collections of
rumen and fecal samples were performed at intervals of 6 h via esophageal tubing and fecal grab,
respectively. The bacteriome composition from these samples was determined through sequencing
of the V4 region of the 16S rRNA gene. Feeding frequency did not affect behavioral patterns;
however, Holstein cows spend more time lying (15.4 vs. 13.5 ± 0.8 h) and ruminating (401 vs. 331
± 17.5 min) than Jersey cows. Fermentation profiles were similar by feeding frequency in both
breeds. While no major diurnal fluctuations were observed in the fecal bacterial community from
both breeds, diurnal fluctuations were identified in the rumen bacterial community from Holstein
cows which appeared to follow pH responses. Overall, the bacterial community composition was
not differentiated by industry standard feeding frequencies but was differentiated by breed and
sample type
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A.2

Introduction
The gastrointestinal (GI) tract of dairy cattle is colonized by a wide variety of

microorganisms, which coexist in a symbiotic relationship with the animal. This resident
microbiota is central to the host productive and health responses (Cholewińska et al., 2020). As
efforts continue to explore host-microbiome interactions towards increasing cow productivity
(Pitta et al., 2018), identification of factors that influence the composition of the GI microbiota is
warranted. Delivery of fresh feed is a potent stimulus that can alter dairy cattle behavioral patterns.
Previous studies have associated increased feeding frequency with greater feeding time, more
evenly distributed meals throughout the day, and higher dry matter intake (DMI) (DeVries et al.,
2005; Hart et al., 2014). Furthermore, changes in feeding frequency can modify nutrient
digestibility and fermentation profiles in the rumen and lower GI tract (Shabi et al., 1998; Benchaar
and Hassanat, 2020). In turn, diurnal fluctuations in the GI environment can impact the microbial
community composition (Shaani et al., 2018). For instance, Lengowski et al. (2016) found the
abundance of rumen microbial groups to be correlated with fermentation variables such as specific
volatile fatty acids (VFA), acetate:propionate ratio, pH, and ammonia (NH3). Delivery of feed 1×
or 2×/d is a standard feeding practice in dairy operations (Von Keyserlingk et al., 2012); however,
evaluation of the diurnal dynamics of the GI microbiota under these feeding frequencies is limited.
The rumen microbiota is crucial for feed digestion and performance in dairy cattle (Kruger
Shabat et al., 2016; Tong et al., 2018). However, the microbiota of other sections of the GI tract
also have considerable contributions to the animal nutrition and well-being. In the large intestine,
microbial fermentation of plant structural polysaccharides yields energy in the form of VFA
(Hoover, 1978) and research suggests that the bacterial community from this GI section is
associated with feed efficiency phenotype (Myer et al., 2015). Characterization of the bacteriome
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across the GI tract has revealed different community profiles between the rumen and lower gut
(Mao et al., 2015). Moreover, breed has also been identified as a factor that differentiates the
bacterial community structure across the GI tract (Paz et al., 2016; Fan et al., 2020). Therefore,
diurnal patterns from the bacterial community could potentially differ between GI sections or
breeds.
The objective of this study was to evaluate the effect of feeding frequency on behavioral
patterns and diurnal fermentation and bacteriome profiles of the rumen and feces from two main
dairy breeds, Holstein and Jersey. We hypothesized that increasing feeding frequency will
influence the rumen and lower gut environments through changes in feeding behavior and we
further hypothesized that these environmental variations would promote changes in the diurnal
profiles of their respective resident bacteriome.

A.3
A.3.1

Material and Methods
Animals, housing, and diet
All management and experimental procedures involving animals were approved by the

Mississippi State University Institutional Animal Care and Use Committee (IACUC #18-313).
This study was conducted in November 2019 and included 10 lactating Holstein cows with an
initial 603 ± 71 (mean ± SD) kg of body weight, 1.5 ± 0.70 parities, 254 ± 8.5 days in milk, and
24.4 ± 3.85 kg/d of milk yield and 10 Jersey cows with an initial 415 ± 54 kg of body weight, 1.7
± 1.49 parities, 252 ± 13.7 days in milk, and 16.8 ± 3.77 kg/d of milk yield. All animals were
housed in a free-stall barn within the same pen at the Bearden Dairy Research Center (Starkville,
MS). The experimental pen was equipped with 22 deep-bedded sand stalls for a stocking density
of 91%. Cows were milked 2×/d (at 0300 and 1500 h) in a double eight parallel milking parlor at
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which animals were moved as a group. All animals were under the same management and total
mixed ration (TMR) and had free access to water troughs. The diet was balanced to meet or exceed
the animal's requirements (NRC, 2001) in a 53:47 forage-to-concentrate ratio (dry matter (DM)
basis; Table 2.1).
A.3.2

Experimental design and feeding protocol
At the beginning of the experiment, Holstein and Jersey cows were randomly allocated to

one of the following feeding frequencies: (1) TMR delivered 1×/d (at 0600 h) or (2) TMR delivered
2×/d (at 0600 and 1800 h) in a 2 × 2 factorial arrangement of treatments. Within breed, initial body
weight (P = 0.18), days in milk (P = 0.44), and milk yield (P = 0.87) were similar between
treatments. Cows were fed individually using the Calan Broadbent Feeding System (American
Calan Inc., Northwood NH) and went through a 14-d adaptation period. At the end of the
adaptation period, cows were able to access their assigned feed bin without assistance and had a
steady individual intake (mean variation ≤ 10%). The adaptation period was followed by a 14-d
collection period. During each feeding, orts were collected and weighed before the fresh TMR was
mixed and offered to the cows. The amount of TMR offered at each feeding to each cow was
adjusted based on the individual orts data from the previous day for ad libitum consumption
targeting orts between 5 and 10% (as is basis) of the total TMR offered. No signs of clinical
mastitis were observed during milking or laminitis during daily management and all cows
completed the study. After completion of the study, all cows returned to the farm management
protocols.
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A.3.3
A.3.3.1

Measurements and sampling
Intake measurement and milk yield
On d 20, 21, 27 and 28, TMR and refusals were collected on every feeding and immediately

frozen at -20°C until further analysis. At the end of the study, TMR and refusals were composited
to determine DM (48 h at 55°C in a forced-air oven). A subsample from the TMR composite was
analyzed for chemical composition (Standard Package; Cumberland Valley Analytical Services
Inc., Hagerstown, MD). Daily individual intake from each cow was later calculated as the
difference between the amount of feed offered and refused (DM basis). Milk yield for each animal
was recorded daily during the entire experiment (Westfalia Surge Metatron 12 Milk Meter; GEA
Farm Technologies, Oelde, Germany).
A.3.3.2

Behavioral observations

On d 23 and 24, cows were monitored continuously for 48 h to record direct behavioral
observations using scan sampling at 15 min intervals by four trained observers. For each
observation period, an observer rounded the experimental pen from the outside (to prevent
disturbance), identified each animal via neck identity collar or ear tag, and recorded each animal's
activity. The following activities were used to describe the cows daily time budget: lying (at the
stall in a resting position), eating (animal at the assigned feeding gate with the Calan door unlocked
and head in the feed bin), drinking (animal directly in front of the water trough and actively
drinking or immediately after), standing/walking at the isle or stall, and milking (from the moment
the first animal was taken to the parlor until the last animal returned to the experimental pen).
Cows were assumed to perform the recorded activity during the complete 15 min interval until the
next observation. The sum of all the time budget activities equals 24-h. Simultaneously and
independently from the aforementioned activities, rumination activity (recognized as continuous
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jaw movements due to remastication of feed or with signs of regurgitation) was recorded and
classified according to the animal's posture (lying or standing) and the number of visits to the
feeding gate (feeding event from the moment the cow unlocked the Calan door and interacted with
the feed bin to its exit) was also recorded. For every visit to the feeding gate, the time of entrance
and exit from the feed bin were registered. During the observation period, no management
activities out of the routine were performed.
A.3.3.3

Rumen and fecal sampling

On d 27, a total of 5 concomitant collections of rumen and fecal samples were performed at 6
h intervals (0 [pre-feeding am], 6, 12 [pre-feeding pm], 18, and 24 [pre-feeding am] h). Rumen
samples were collected using a gastroesophageal apparatus that consisted of a reinforced vinyl
tube coupled on one end to a metal strainer and on the other end to a 500 mL sterile collection
flask that was also connected to a vacuum pump (model 1HAB25BM100X, Gast, Benton Harbor,
MI). Ruminal contents were collected as described by Paz et al. (2016). Briefly, a Frick speculum
was used to pass the tube through the oral cavity into the rumen. The pump was turned on only
after the tube was located in the rumen with the first 200 mL of rumen sample discarded to prevent
saliva contamination and the subsequent 200 mL of rumen sample collected. To prepare the sample
for bacterial community analysis from each animal, particles attached to the strainer were removed
and then mixed with 40 mL of rumen fluid to represent the solid and liquid fractions. After each
sample, the tubing, metal strainer, and Frick speculum were washed with warm water and a new
sterile collection flask was placed to avoid sample carryover. In addition, three subsamples (40
mL each) of rumen fluid were poured into polypropylene conical tubes for pH, VFA, and NH3
analyses. Approximately 200 g of stool were collected from each cow via fecal grab and stored in
inert, polyethylene cups. Fecal samples were used as a proxy for the lower gut bacterial community
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(de Oliveira et al., 2013). Immediately after sampling, rumen and fecal pH were measured using a
portable pH meter (handheld pH meter, Oakton, Vernon Hills, IL) by direct insertion. All
remaining samples were immediately placed on ice for less than 10 min before being moved to a
-20 °C freezer on-farm. Once the collection of all samples was completed, samples were
transferred to the laboratory and stored at -80 °C until analysis.
A.3.3.4

VFA and NH3 analyses
Before analysis, VFA and NH3 samples were thawed and filtered through four layers of

cheesecloth. NH3 concentration was determined using a portable meter (Orion meter model 290,
Thermo Scientific Inc., Waltham, MA) coupled to an NH3 ion selective electrode (Orion 9512
ammonia sensing electrode Thermo Scientific Inc., Waltham, MA) (Grainger et al., 2010). For
VFA analysis, filtered samples were acidified with 25% metaphosphoric acid (w/v), centrifuged
at 18,000 × g for 20 min, and the resulting supernatant was analyzed using a 7890A gas
chromatography system equipped with a DB-FATWAX Ultra Inert column (30 m × 0.25 mm, 0.25
µm), a 5975C inert XL MSD with triple-axis mass detector, a 7693 series autosampler (Agilent
Technologies, Santa Clara, CA, USA). Ionization was performed in an electron impact mode at 70
eV and a selected ion monitoring (SIM) mode was used to acquire ion abundance. Volatile fatty
acids were quantified by an internal standard calibration with authentic volatile fatty acid
standards. Isobutyric acid and isovaleric acid averaged 0.6 and 0.8 mol/100 mol across samples
and were not included in further analyses.
A.3.3.5

DNA extraction and amplification
Genomic DNA from rumen and fecal samples was extracted using the Mag-Bind Stool

DNA Kit (Omega Bio-Tek, Norcross, GA, U.S.), according to the manufacturer’s protocol with a
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minor modification. For the lysing step, the protocol was adapted to use a mixer mill (Retsch MM
200) set up for 10 min at 25 Hz. The quality of the resulting DNA was checked using gel
electrophoresis (1% agarose gel) and the concentration was measured with a NanoDrop One
spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA). Bacterial amplicon
libraries of the V4 region from the 16S rRNA gene were prepared as described by Paz et al. (2018).
The resulting amplicons were normalized to a concentration of 1–2 ng/μl using the SequalPrepTM
normalization plate. Pooled libraries were sequenced using the Illumina MiSeq platform (Illumina,
San Diego, CA, USA). Raw sequences are available at the NCBI Sequence Read Archive (SRA)
under the accession no. SRP271418.
A.3.3.6

Bioinformatics analysis
Raw sequences were analyzed using the QIIME 2 package (Bolyen et al., 2019). Analysis

included denoising of raw sequences using Deblur (Amir et al., 2017), clustering of quality-filtered
reads to amplicon sequence variants (ASV), and rarefaction to an even depth (4,600 reads).
Sampling depth was assessed with rarefaction curves and the Good’s coverage index (Good, 1953).
Visualization of taxonomic data was done with heat trees using the "metacoder" package (Foster
et al., 2017) from the R software (v3.6.1) (R Core Team, 2017). α-diversity was calculated using
the observed ASV and Shannon diversity indices and beta diversity was calculated using the
weighted UniFrac distances via the q2-diversity plugin. Detailed description of the bioinformatic
pipeline used in this study is available at: https://github.com/pazlabgit/feeding_freq_2021.
A.3.4

Statistical analyses
Prior to analyses, dry matter intake, milk yield, and behavioral data were tested for

normality using the Shapiro-Wilk test and screened for outliers (1.5 times the interquartile range
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above the third quartile or below the first quartile) with no observations removed. Data were then
analyzed using the MIXED procedure of SAS 9.4 (SAS Institute Inc., Cary, NC). Analyses for
DMI and milk yield were performed on experimental period means (14 d) and for behavioral
observations on collection period means (2 d). Models included the fixed effects of feeding
frequency, breed, and their interaction. Rumen and fecal pH and rumen VFA data were analyzed
as repeated measures and the compound symmetry, autoregressive, heterogeneous compound
symmetry, and unstructured covariance structures were tested based on the lowest Akaike’s
information criteria.
Statistical analyses for α and ß diversity metrics were performed in R v 3.5.1 (R Core Team,
2017). α-diversity indices were compared using the Kruskal-Wallis test and post-hoc pairwise
comparisons were done using the Wilcoxon rank-sum test. Beta diversity was analyzed through a
permutational analysis of variance (PERMANOVA) using the weighted UniFrac distance matrix
as input (adonis function from the "vegan" package [Oksanen et al. (Oksanen et al., 2016)]) and
was visualized using the principal coordinate analysis (PCoA) plot. The linear discriminant
analysis (LDA) effect size (LEfSe) method (Segata et al., 2011a) was used to identify differentially
abundant features across collection times. The P-values were adjusted for multiple testing using
the false discovery rate (FDR) method (Benjamini and Hochberg, 1995). For production,
behavioral, and fermentation variables, statistical significance was declared at P ≤ 0.05 and
tendencies were discussed at 0.05 < P ≤ 0.10. For bacterial community metrics, statistical
significance was declared at P ≤ 0.05.
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A.4
A.4.1

Results and Discussion
Production responses
There were no interactions between feeding frequency and breed on production responses

(P ≥ 0.15; Table 1). No differences were observed in DMI when feeding 1 or 2×/d. According to
Hart et al. (2014), feeding frequency increased DMI only after cows were fed 3×/d with no
difference observed between 1 or 2×/d feedings. In contrast, a survey of free-stall herds showed
an increase in DMI of 1.42 kg when feeding frequency was increased from 1 to 2×/d (Sova et al.,
2013). In the current study, increasing feeding frequency tended (P = 0.07) to increase milk yield
which agrees with previous reports (Erdman and Varner, 1995; Sova et al., 2013), but feed
efficiency, expressed as kg of milk/kg of DMI, did not differ (P = 0.15). For breed responses,
Holstein cows had a higher DMI (P = 0.07) than Jersey cows; however, the opposite was observed
for DMI capacity (DMI/BW; P = 0.05). A similar response was reported by Beecher et al. (2014)
and the authors attributed this to a heavier reticulorumen, as a proportion of BW, in Jersey
compared to Holstein cows. The capacity of the reticulorumen is a main animal factor regulating
DMI (Allen, 1996), thus a proportionally heavier reticulorumen suggests that the physical fill
effect on DMI capacity is lower on Jersey than Holstein cows. Milk production was higher (P <
0.01) in Holstein cows compared to Jersey cows (P < 0.01), but feed efficiency was similar
between breeds and averaged 1.29 kg of milk/kg of DMI (P = 0.19). In a study that included data
from 13 dairy herds, feed efficiency ranged from 1.11 to 1.67 kg of milk/kg of DMI (Britt et al.,
2003).
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A.4.2

Behavioral responses
Similar to production responses, there were no interactions between feeding

frequency and breed on behavioral observations (P = 0.12; Table 1). The average time budget for
the animals was distributed as follows: 60% lying, 18% standing in the alley or stall, 16% eating,
5% milking, and 1% drinking. No significant differences were observed for time spent standing in
the alley or stall, eating, or drinking between feeding frequencies (P = 0.35) or breeds (P = 0.12).
Eating and drinking diurnal patterns matched mean responses and did not differ (P = 0.34) by
feeding frequency in both breeds (Figure S1). These results are consistent with others observing
no differences in diurnal DMI (Hart et al., 2014) and water consumption (Nocek and Braund, 1985)
patterns in lactating cows fed 1 and 2×/d. Lying time was significantly higher (P = 0.04) for
Holstein when compared to Jersey cows. Similarly, Munksgaard et al. (2020) reported that
Holstein cows spent more time lying while Jerseys cows took a greater number of steps throughout
the day. In the current study, Jersey cows tended (P = 0.07) to visit more times their assigned
feeding gates. Furthermore, a positive correlation between rumination time and lying time was
found in dry cows (Schirmann et al., 2012). In this study, differences between breeds support this
correlation since both rumination time and lying time were greater in Holstein compared to Jersey
cows. Overall, cows spent 89% and 11% of their rumination time lying and standing, respectively.
A factor that could influence the rumination behavior that was not measured in this study is sorting.
Cows normally sort against long forage particles (Kononoff et al., 2003) and as the TMR particle
size increases, behavioral responses such as ruminating and eating time have been observed to
linearly increase (Maulfair et al., 2010). In group-fed cows, DeVries et al. (2005) reported a
curvilinear increase throughout the day in the neutral detergent fiber content of the diet which
reflected sorting in feeding frequencies from 1×/d up to 4×/d, while in tie stall cows, Macmillan
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et al. (2017) observed no differences in sorting between feeding frequencies of 1 and 3×/d. This
discrepancy underlines the need to further elucidate the relationships between feeding frequency,
sorting, and behavioral parameters. It is important to note that observations during 2 d with 15 min
intervals adequately describe lying and standing behavior, but for eating and rumination shorter
min intervals than the one used in this study are recommended (Mattachini et al., 2013; Dong et
al., 2018). Yet, observed rumination and eating times are in agreement with previous works
(Norring et al., 2012; Jones et al., 2017).

A.4.3

Fermentation characteristics
Effects of feeding frequency, breed, and time on rumen and fecal pH and rumen NH3, total

VFA concentration, and molar proportions of individual VFA are shown in Table 2. Interactions
between feeding frequency and breed for the rumen and fecal fermentation variables were not
significant (P = 0.33). Rumen and fecal pH varied across collection times (P < 0.01), ranging from
6.50 to 6.75 at 6 and 24 h and from 6.63 to 7.02 for collection times at 24 and 12 h, respectively
(S2 Table). Holstein cows had a lower (P = 0.01) rumen pH compared to Jersey cows. On average,
Holstein cows consumed 0.9 kg of concentrate more than Jersey cows. Consumption of grain-rich
concentrates increases the production of VFA which can promptly dissociate decreasing the rumen
pH (Aschenbach et al., 2011). Total VFA concentration was higher (P = 0.02) in Holstein
compared to Jersey cows. Holstein cows ruminated more than Jersey cows potentially increasing
saliva production. In dairy cattle, buffers in saliva, bicarbonate and hydrogen phosphate, can aid
to remove around 37% of total hydrogen from the rumen to maintain physiological pH (Allen,
1997). For Holstein cows in this study, it can only be speculated that the salivary buffer was not
enough to compensate pH to that observed in Jersey cows which consumed less concentrate.
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Nevertheless, a healthy rumen environment was maintained as reflected by pH values ≥ 6.5 across
times (Plaizier et al., 2008). Similar to rumen pH, fecal pH differed by breed (P = 0.07). Following
a grain challenge, Luan et al. (2016) observed the patterns of fecal and rumen pH to be similar, but
the fecal pH lagged in time. In the current study, a lower fecal pH in Holstein cows compared to
Jersey cows suggests that the higher DMI resulted in more fermentable carbohydrates reaching the
hindgut. For rumen NH3, a significant feeding frequency × time interaction was observed where
NH3 concentration was lower at collection time 0 h (7.19 vs 9.21 mg/dL) and higher at collection
time 24 h (10.2 vs 6.78 mg/dL) in 1×/d compared to 2×/d feeding. No effect of feeding frequency
was detected for total VFA concentration or the molar proportion of individual VFA (P ≥ 0.12).
Similar diurnal feed intake patterns between feeding frequencies support these observations. In
addition, similar responses have been reported when increasing feeding frequency from 1 to 4×/d
in Holstein heifers (Robles et al., 2007). However, total VFA concentration was higher during the
first two collection times compared to the remaining times (P < 0.01; S2 Table). Difference
between collection times 0 and 24 h, which represented pre-feeding am times, could be related to
a day effect on total VFA concentration (Dieho et al., 2016).

A.4.4

Sequencing information
A total of 5,971 ASV were identified across the rarefied samples. Samples with less than

4,600 quality-filtered reads were removed from the analyses. Rarefaction curves showed a similar
coverage for feeding frequency (1 and 2×/d feed deliveries), breed (Holstein and Jersey), sample
type (rumen and feces), and collection time (0 [pre-feeding am], 6, 12 [pre-feeding pm], 18, and
24 [pre-feeding am] h) (Figure S2). Based on the Good’s coverage index, the sequencing depth in
this study enable the characterization of at least 95% of the bacterial community across samples.
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A.4.5

Sample type
A significant sample type effect on the bacterial community composition was observed (P

< 0.01). This was clearly visualized using a PCoA plot which revealed rumen and fecal samples
clustered separately (Figure A1). The taxonomy analysis showed that both rumen and fecal
bacterial communities were dominated by members of the Bacteroidetes and Firmicutes phyla
(Figure A2) but in different proportions, 49.0 and 11.8% of the total reads in the rumen samples
and 47.6 and 37.3% of the total reads in the fecal samples. Other abundant phyla in the rumen
samples were Verrucomicrobia, Proteobacteria, Fibrobacteres, Spirochaetes, Tenericutes, and
Cyanobacteria (11.6, 10.9, 4.5, 4.2, 3.8, and 1.7% of the total reads) and in the fecal samples were
Spirochaetes, Proteobacteria, Tenericutes, TM7, and Verrucomicrobia (5.2, 3.7, 3.4, 0.9, and
0.9% of the total reads). Heat trees displaying the classification for all the taxonomic levels in the
rumen and fecal bacterial communities are shown in Figure S3. Considering previous studies that
characterized the bacteriome across the GI tract of Nelore and Holstein cattle also observed site
specificity (de Oliveira et al., 2013; Mao et al., 2015), further bacteriome analyses in this study
were performed within sample type (rumen or feces).

A.4.6

Alpha diversity
Alpha diversity was evaluated using the observed ASV for richness, the Shannon index for

diversity, and the Pielou’s index for evenness. In the rumen, species richness did not differ by
feeding frequency (P =0.41) or breed (P =0.20), whereas species richness was higher (P < 0.01)
at collection time 0 compared to the remaining times (Figure A3). Species diversity was similar
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between feeding frequencies (P = 0.35) and collection times (P = 0.08) and differed by breed (P =
0.03). A higher rumen methanogen diversity has been reported in Holstein compared to Jersey
cows (King et al., 2011). Yet, studies have reported similar α-diversity metrics associated with the
rumen bacterial community between the Holstein and Jersey breeds under the same diet
(Bainbridge et al., 2016; Paz et al., 2016). Evenness was similar for feeding frequency and
collection time (P ≥ 0.10), but Holstein cows exhibited higher evenness compared to Jersey cows
(P = 0.05). In fecal samples, bacterial richness was similar for feeding frequency, breed, and
collection time (P ≥ 0.32; Figure S2). Similar to the rumen, fecal samples from Holstein cows
exhibited higher diversity and evenness (P ≤ 0.04) than Jersey cows. Overall, the bacterial
community diversity from both the rumen and feces was affected by breed but not by feeding
frequency. In addition, the bacterial community richness from the rumen was affected by collection
time.

A.4.7
A.4.7.1

Beta diversity
Feeding frequency and breed effects
Weighted UniFrac distances did not separate the rumen bacteriome community by feeding

frequency but by breed (Figure A4 A and A4 B). Breed differences in the composition and function
of the rumen microbiome have been reported (Paz et al., 2016; Li et al., 2019a). In addition, a
potential role of the host genetics shaping the rumen microbiota is starting to emerge (Li et al.,
2019b; Abbas et al., 2020). Contrarily to our hypothesis, the rumen bacteriome structure was not
influenced by feeding frequency (P = 0.44). Feeding frequency can influence the flow of substrates
and fermentation patterns in the rumen through changes in feeding behavior such as total feeding
time, distribution of feeding time throughout the day, meal size, and total DMI (Hart et al., 2014;
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Macmillan et al., 2017). In turn, a dynamic rumen environment can influence the bacteriome
profile. In the current study, we observed parallel diurnal feed intake patterns between feeding
frequencies in both breeds. This promoted similar DMI responses and similar fermentation profiles
with no overall differences in pH, NH3 and total VFA concentrations, and molar proportion of
individual VFA. In turn, under comparable rumen environments, the bacteriome composition did
not differ by feeding frequency. Following ruminal observations, the fecal bacterial community
composition was differentiated by breed but not by feeding frequency (Figure A4 C and A4 D). In
agreement with our results, Fan et al. (2020) reported significant differences in the fecal microbial
population of pre-weaned calves from 6 breeds of beef cattle. Similar fecal pH by feeding
frequency suggests a similar environment in the lower gut and supports no effect on the bacteriome
composition. These results show that both site and breed are factors that drive the bacterial
community composition across the gastrointestinal tract.
A.4.7.2

Diurnal profiles
Diurnal oscillations of the bacteriome composition in the GI tract could result in functional

profiles that influence the host metabolic balance (Thaiss et al., 2015). However, characterization
of the diurnal patterns from the GI bacteriome composition in the main dairy breeds and
identification of factors that potentially influence these patterns is scarce. The current study
characterized the diurnal profile of the microbial community in the rumen and feces over 5
collection times equally distributed along a 24 h period. Since feeding frequency did not influence
bacteriome composition, diurnal patterns were assessed by breed and sample type. Diurnal
differences in the composition of the rumen bacteriome were seen in Holstein but not in Jersey
cows (Figure A5). Specifically, bacteriome composition at 6 h differed from that at 0 and 24 h.
The pH value at 6 h was the lowest and differed (P < 0.01) from the other two times (6.50, 6.63,
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and 6.75, respectively; S2 Table). In a study with Holstein cows fed diets with a 30:70 forage-toconcentrate ratio, Shaani et al. (2018) observed changes in the rumen bacteriome linked to pH as
the community 10 h after feeding differed from the communities 1 h prior to feeding and 4 h after
feeding where pH across those times averaged 6.2, 7.1, and 6.8, respectively. Welkie et al. (2010)
suggested that the diurnal variation in composition of the liquid-associated bacteria is greater than
that of the solid-associated bacteria. The latter should be viewed with caution since that study only
used two Holstein cows and characterization of the bacteriome was limited to 155 amplicon
lengths using automated ribosomal intergenic spacer analysis. The rumen sample collection
method used in the present study, which included esophageal tubing with the addition of particles
retained in the strainer, is adequate to describe the rumen bacterial community (Paz et al., 2016).
Similar rumen bacteriome composition across times for Jersey cows could be related to higher pH
values compared to Holstein cows. For fecal samples, no differences in the bacterial community
composition were observed across collection times in both breeds (P ≥ 0.07) despite changes in
pH. To further explore diurnal variations at the ASV level, LefSe was used to identify differentially
abundant features in both the rumen and fecal samples (Figure S3). Including data from both
breeds, the relative abundance of 195 ASV differed at least once during the collection times in the
rumen, whereas 302 ASV differed at least once during the collection times in the feces. The
majority of abundant (> 1% relative abundance) ASV that significantly varied during the day in
the rumen belonged to the Prevotella or unclassified genera, whereas in the feces ASV also
belonged to the 5-7N15 genus. Variation of specific ASV throughout the day could reflect
fermentation dynamics of the different dietary components in both the rumen and lower gut. Dairy
farms will continue to grow in size and rely more on technology (Britt et al., 2018). The use of
automatic feeding systems allows more frequent delivery of fresh feed compared to conventional
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industry practices. Increasing feeding frequency above 2×/d can influence both the rumen and
post-rumen conditions (Shabi et al., 1999; Macmillan et al., 2017); however, how these changes
impact the relationships between the gastrointestinal environment, microbiome structure and
function, and production and health responses are areas that require further research efforts.

A.5

Conclusions
The bacterial community profile of the GI tract in dairy cows can be altered by multiple

factors. This study evaluated feeding frequency as a potential factor that could impact the GI
bacterial community through changes in feeding behavior. Feeding frequency of 1 or 2×/d resulted
in similar feeding patterns and fermentation profiles and did not differentiate the bacterial
community in the rumen or feces in both Holstein and Jersey cows. However, breed and sample
type significantly influenced the bacteriome composition. No major diurnal fluctuations were
observed in the fecal bacterial community from both breeds but were identified in the rumen
bacterial community from Holstein cows which appeared to follow pH responses.
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Table A.1

Effects of feeding frequency and breed on production responses and behavioral
observations.
Feeding frequency
1×/d

Measure2

Holstein Jersey

DMI, kg/d

P-value1

2×/d
Holstein Jersey SEM

FF

B

FF×B

17.6

17.0

19.3

14.1

1.48

0.70

0.07

0.15

3.10

4.34

3.06

3.30

0.36

0.15

0.05

0.18

23.8

16.2

26.7

17.7

1.16

0.07 <0.01

0.55

Feed efficiency4, kg/kg

1.38

0.95

1.44

1.39

0.42

0.18

0.19

0.31

Lying, h/d

15.0

13.1

15.7

13.8

0.83

0.39

0.04

0.98

Eating

3.77

4.17

3.20

4.03

0.38

0.35

0.13

0.58

Drinking

0.15

0.43

0.23

0.23

0.08

0.46

0.12

0.12

In alley or stall

3.73

4.98

3.53

4.58

0.73

0.68

0.13

0.89

Total

7.65

9.57

6.95

8.82

0.83

0.40

0.04

0.98

Lying

358

268

378

303

20.7

0.21 <0.01

0.72

Standing

43.5

54.0

22.5

36.0

12.9

0.15

0.37

0.91

Total

402

322

400

339

17.5

0.67 <0.01

0.61

10

13

10

13

1.46

0.95

0.74

3

DMI capacity , kg/100
kg of BW
Milk yield, kg/d

Standing, h/d

Rumination, min/d

Visits to the feeder, n/d
1

0.07

FF = feeding frequency; B = breed.
Times for direct behavioral observations were recorded under the assumption that the registered
activity was performed during the complete 15 min interval. Lying + Total Standing + 1.3 h
Milking = 24 h.
3
DMI capacity = DMI/BW.
4
Feed efficiency = MY/DMI.
2
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Table A.2

Effects of feeding frequency, breed, and time on rumen and fecal pH and rumen
fermentation parameters.
Feeding frequency
1×/d

Measure

P-value1

2×/d

Holstein

Jersey

Holstein

Jersey

SEM

FF

B

T

Rumen pH

6.48

6.81

6.56

6.72

0.08

0.97

0.01

<0.01

Feces pH

6.71

6.80

6.67

6.85

0.07

0.91

0.07

<0.01

Ammonia, mg/dL

8.54

9.78

7.97

8.82

0.85

0.40

0.26

0.50

Total VFA, mM

198

157

181

158

12.4

0.53

0.02

<0.01

Acetic acid

70.4

71.2

69.8

70.6

1.09

0.60

0.49

0.12

Propionic acid

16.8

16.2

18.0

16.0

1.01

0.67

0.26

0.32

Butyric acid

11.4

11.7

11.4

11.8

0.58

0.93

0.55

0.23

Valeric acid

1.03

1.10

1.12

1.22

0.08

0.23

0.33

0.14

VFA, mol/100 mol

1

FF = feeding frequency; B = breed; T = time (0 [pre-feeding am], 6, 12 [pre-feeding pm], 18, 24
[pre-feeding am] h). All interactions were not significant (P ≥ 0.15) but the FF×T interaction for
ammonia (P = 0.01).
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Figure A.1

Principal coordinate analysis displaying clustering of bacterial communities by
sample type.

Beta diversity calculated by using the weighted UniFrac distances. Ellipses represent the 95%
confidence intervals.
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Figure A.2

Phyla level classification of the bacterial communities from the rumen and feces of dairy cows.
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Figure A.3

Alpha diversity metrics of the rumen bacterial community.

(A, B, C) Observed amplicon sequence variants, (D, E, F) Shannon index, and (G, H, I) evenness
for feeding frequency, breed, and collection time (0 [pre-feeding am], 6, 12 [pre-feeding pm], 18,
and 24 [pre-feeding am] h).
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Figure A.4

Principal coordinate analysis of the bacterial community for feeding frequency and
breed within sample type in dairy cows.

(A, B) Rumen and (C, D) feces. Beta diversity calculated by using the weighted UniFrac
distances. Ellipses represent the 95% confidence intervals.
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Figure A.5

Principal coordinate analysis of the bacterial community across times for each
sample type within breed in dairy cows.

(A, B) Rumen and (C, D) feces. Collection time = 0 (pre-feeding am), 6, 12 (pre-feeding pm),
18, and 24 (pre-feeding am) h. Ellipses represent the 95% confidence intervals. (A) Beta
diversity at 6 h differed from that at 0 and 24 h in the rumen bacterial community from Holstein
cow
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A.6

Supporting Information

S1 Fig. Eating and drinking diurnal patterns from Holstein and Jersey cows.
Vertical dashed lines represent feeding times.
S2 Fig. Rarefaction curves of the bacterial community from dairy cows.
(A) Feeding frequency, (B) breed, (C) sample type, and (D) collection time (0 [pre-feeding am],
6, 12 [pre-feeding pm], 18, and 24 [pre-feeding am] h). Samples were rarefied at an even depth
of 4,600 reads and values represent medians from 10 iterations.
S3 Fig. Heat trees displaying the taxonomic profiles of the bacterial communities from the
rumen and feces of dairy cows.
Color and size of the nodes (circles) and edges (lines) correspond to the relative abundance of the
respective taxonomic rank.
S4 Fig. Alpha diversity metrics of the fecal bacterial community.
(A, B, C) Observed amplicon sequence variants, (D, E, F) Shannon index, and (G, H, I) evenness
for feeding frequency, breed, and collection time (0 [pre-feeding am], 6, 12 [pre-feeding pm], 18,
and 24 [pre-feeding am] h).
S5 Fig. Diurnal profile of the differentially abundant amplicon sequence variants shown at
the genus rank.
(A) Rumen and (B) fecal samples from both Holstein and Jersey cows. Amplicon sequence
variants with a relative abundance > 1% are presented. Collection time = 0 (pre-feeding am), 6,
12 (pre-feeding pm), 18, and 24 (pre-feeding am) h.
S1 Table. Ingredient and chemical composition of the diet.
S2 Table. Diurnal patterns of the rumen and fecal pH and rumen fermentation parameters.
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